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Abstract 
 
Animal migrations are among the most extraordinary natural phenomena. Alarmingly, 
reports of widespread declines of migratory species are emerging from regions around the world, 
and the drivers of such declines are rarely well understood. This is principally a result of the vast 
geographic range that migratory animals inhabit, which may cover millions of square kilometres 
over multiple political jurisdictions, leading to difficulty in identifying the factors causing declines. 
This thesis addresses the problem of identifying threatening processes and understanding the effects 
of global change on migratory species, using migratory shorebirds in the East Asian-Australasian 
Flyway as a model system. In this thesis I present new methods, gather original data and conduct 
novel quantitative analyses that improve our understanding of the conservation of migratory species 
in a rapidly changing world. 
In Chapter 1, I develop the conceptual basis of this thesis by providing a practical and 
theoretical overview of issues relating to the conservation of migratory species. I examine the 
current state of knowledge and highlight the gaps and limitations of current research that hinder 
conservation efforts, concluding that knowledge of the threats affecting migratory systems across 
the full range of the migration is often limited. For migratory shorebirds in the East Asian-
Australasian Flyway, where approximately 60 species regularly move from the Russian and 
American Arctic to non-breeding grounds in Asia, the Pacific, Australia and New Zealand, I show 
that decision making is severely hampered by a paucity of information on even the most basic 
threatening processes in the flyway. Indeed, I demonstrate that there is a clear and urgent need to 
discover the primary threatening processes operating in the flyway, and to improve our 
understanding of the impact of threats on populations of migratory shorebirds. 
Shorebirds require coastal habitat to achieve migration, yet coastlines around the world are 
under immense pressure from disturbance and development. However, there are no quantitative 
estimates of intertidal habitat loss at large spatial scales, owing to the difficulty of mapping dynamic 
coastal environments. In Chapter 2, I develop a new remote sensing method for mapping change of 
coastal wetlands over very large areas. Implementing this method across 14,000 kilometres of the 
Chinese, North Korean and South Korean coastlines, I report the first quantitative assessment of the 
status of migratory shorebird habitat at their staging sites (Chapters 3, 4 and 5). I show that coastal 
habitats in the Yellow Sea are declining at a rate that rivals many of the worlds’ major at-risk 
ecosystems, such as tropical forest, seagrass and mangrove ecosystems. In Chapter 5, I show that 
the current network of protected areas is limited in its effectiveness at reducing coastal habitat loss, 
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through a combination of threats that could be ameliorated by local management and regional 
processes that drive degradation, and provide guidance on effective management of coastal areas.  
Knowledge of how threats such as declining habitat, climate change and human exploitation 
impact migratory shorebird populations is essential to allow targeted implementation of 
conservation actions across more than 26 countries that comprise the East Asian-Australasian 
Flyway. Building on Chapters 2-5, in Chapter 6 I investigate the effects climate variability and 
habitat loss of on two similar populations of a long-distance migratory shorebird (bar-tailed godwit 
Limosa lapponica). I demonstrate widespread and sustained declines of two subspecies of the bar-
tailed godwit and relate those to the habitat losses I discovered earlier in my thesis.  
Finally, I synthesise the thesis by placing my results in the context of the broader scientific 
literature, acknowledging the limitations of my research, and suggesting future research directions 
given the significant new contribution I have provided in this thesis (Chapter 7). My work has 
transformed our knowledge of the threats impacting migratory shorebirds, and provides a 
framework for identifying and understanding the impact of threatening processes on any migratory 
species. More broadly, it has significantly contributed to the conservation of one of the world’s least 
understood coastal ecosystems and will lead to improved management of Australia’s migratory 
shorebird species. 
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1 Introduction 
 
Animal migrations are among the most extraordinary natural phenomena. Alarmingly, reports 
of widespread declines of migratory species are emerging from regions around the world, and the 
drivers of the declines are rarely well understood (Wilcove and Wikelski 2008). This is principally a 
result of the vast geographic range that migratory animals inhabit, which may cover millions of 
square kilometres over multiple political jurisdictions, leading to difficulty in identifying the factors 
causing declines (Bauer and Hoye 2014; Sillett et al. 2000). To ensure migratory species persist in 
the future, the protection of migratory species and maintenance of their migrations is becoming a 
global conservation priority (Bowlin et al. 2010). In this thesis, I address the problem of identifying 
and understanding the effects of global change on migrations, using migratory shorebirds in the 
East Asian-Australasian Flyway as a model system.  
1.1 Migration as a life history strategy 
Migration is the predictable seasonal movement of animals between regions, usually from 
breeding areas to non-breeding areas, and often involving stopover sites where individuals rest and 
fuel while on migration (Dingle 1996; Webster et al. 2002). The act of migration permits animals to 
exploit habitats that change seasonally, allowing individuals to secure favourable environmental 
conditions at all times across their movement pathway (Dingle 1996; Dingle and Drake 2007; 
Greenberg and Marra 2005). Although the predictable seasonal movement definition of migration is 
widely accepted, migrations are diverse and exist in several different forms. Perhaps the simplest 
and most well understood of all migratory strategies is to-and-fro migration, a straightforward 
return movement to and from discrete seasonal habitats (Dingle and Drake 2007). Loop, or round-
trip migration, is a strategy where individuals traverse a series of staged non-breeding areas, 
allowing them to track changing resources and exploit several geographic regions across their 
annual cycle (Dingle and Drake 2007). Generational migration, or one-way migration, is frequently 
performed by insects and involves complex, long-distance movements over multiple breeding 
generations, such as that of the monarch butterfly (Danaus plexippus) (Flockhart et al. 2013). Other 
forms of migration, such as altitudinal and vertical migrations, which are completed by animals that 
regularly move up and down an elevation gradient or depth gradient, involve less geographical 
movement.  
Many migrations, such as those performed by migratory marine predators and birds, cover 
entire continents or ocean systems, take hundreds of days to complete and require extreme 
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physiological adaptations. These migrations are often repeated annually, such as those by migratory 
birds that move between seasonal habitats between breeding and non-breeding seasons, but may 
also be completed in much shorter or longer periods (Costa et al. 2012). Despite the diversity of 
accepted forms of migration, a common feature of all strategies is that they allow animals to exploit 
seasonal resources in particular places (Dingle 1996; Greenberg and Marra 2005). Unsurprisingly 
then, both geographically and taxonomically, migration is a widespread strategy among animals. It 
is estimated that globally 2,000 - 10,000 species are migratory (CMS 2012; Robinson et al. 2009), 
although this is likely a major underestimate if species that undertake vertical migrations, such as 
squid, are included (Dingle and Drake 2007). In birds alone, migratory species are thought to 
account for more than one quarter (about 26 per cent) of all bird species (Cox 2010). Although there 
is uncertainty about the precise number of migratory species, there is little doubt that they account 
for a substantial proportion of the biodiversity on earth.  
1.2 Migratory species are declining 
Despite the unprecedented levels of research effort to understand migratory animals, 
population declines among migrants are widespread and continuing (CMS 2009; Wilcove and 
Wikelski 2008). For instance, the migrations of most species of ungulates have been severely 
disrupted over the last two centuries and many are still in decline, with population collapses of 
species such as American bison (Bison bison) and wildebeest (Connochaetes taurinus) being first 
documented more than half a century ago (Samson and Knopf 1994; Spinage 1992). Likewise, the 
monarch butterfly, which completes a multi-generation latitudinal migration in North America, has 
been subject of intense study for decades, yet its abundance has recently reached the lowest level 
yet recorded (Brower 1996; Flockhart et al. 2013; Norman 1986). Although the causes of our failure 
to slow the declines of migratory species are complex, three major deficiencies are apparent; (i) 
detailed information regarding the migration routes of individual migratory species, (ii) knowledge 
of the threats affecting migratory systems across the full range of the migration, and (iii) knowledge 
of how, where and when to implement conservation actions across a migratory network. 
1.2.1 Understanding migratory pathways 
Migratory species are highly mobile and understanding their movements is essential to 
comprehend the biology of the species, diagnose the causes of population declines and to plan for 
their conservation (Costa et al. 2012). Migratory species can be affected by events in just one 
geographical location within their entire range, and such impacts can be reflected in lower 
abundances at other times in their migration and in different geographic areas across their full 
distribution (Webster et al. 2002). For example, the impacts of extensive hunting in staging sites, as 
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is the case in Europe’s migratory passerines, can be detected in counts taken in other areas, such as 
their breeding areas in Northern Europe or non-breeding sites in Africa (McCulloch et al. 1992). 
Therefore, if a population decline is observed it is necessary to determine in which geographic 
location the impact is occurring, which is impossible without at least some knowledge of migratory 
movements (Buehler and Piersma 2008; Escudero et al. 2012; Webster et al. 2002; Wilson et al. 
2011a).  
Methods to track migratory animals are improving, and techniques such as stable isotope 
analysis, geolocator tags, satellite transmitters and other techniques are becoming widely used 
across a range of migratory taxa (Bairlein et al. 2012; Flockhart et al. 2013; Morales et al. 2010). 
Recently, with the development of new tracking technologies, studies are revealing the movements 
of animals that were previously impossible to track. Remarkable feats of migration are being 
reported, such as the great snipe (Gallinago media), which makes fast (up to 97 km per hour), non-
stop flights of up to 6,800 kilometres between northern Europe and central Africa in less than 96 
hours (Klaassen et al. 2011). Studies are also becoming more comprehensive, such as the study by 
Block et al. (2011) in which 4306 electronic tags were deployed on 23 species of marine predators 
from 2000 to 2009, resulting in one of the most spatially comprehensive movement datasets on the 
migration routes of animals achieved to date. Data on migratory pathways resulting from studies 
such as these are increasingly being made available through open-access data repositories, and we 
now have more information on movements of animals than at any point in history (Hunter et al. 
2013; Kranstauber et al. 2011).  
1.2.2 Threatening processes 
As information on specific migration routes becomes available, the focus of research must 
shift to understanding the distribution of threatening processes across entire migratory pathways. 
Such knowledge is vital, because although declines may be detected in population counts at one 
point in the annual cycle, the threats causing declines may occur in other geographic locations 
(Webster et al. 2002). Indeed, threats can be patchy in space and variable over time, which leads to 
difficulty in identifying them as population drivers, particularly in species with vast geographic 
ranges (Murray et al. 2014a). As such, a poor understanding of the distribution of threats such as 
habitat destruction, pollution or hunting, frequently hinders effective conservation for migratory 
species (Wilcove and Wikelski 2008). One of the best known examples of human impacts that led 
to the rapid decline of a migratory bird population is the red knot (Calidris canutus) in North 
America. In the early 2000s overharvesting of their prey at their primary staging site in Delaware 
Bay, USA, led to lower fuelling rates, less body mass on departure, reduced survival and a 
precipitous population decline of nearly 50% in 2 years, that was detected by counts in both their 
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non-breeding grounds in South America (Escudero et al. 2012; McGowan et al. 2011; Morrison et 
al. 2004) and at the staging site in Delaware Bay (Baker et al. 2004). In this case the difficulties in 
understanding populations of long-distance migrants was highlighted by recent evidence that 
indicates the declines of red knot are compounded by changes in lemming cycles, causing predation 
at breeding sites, and climate change (Fraser et al. 2012; Piersma and Lindstrom 2004). 
Adding further complexity, the spatial location of threats can have differing ecological 
impacts depending on where in the migratory pathway they occur (Buehler and Piersma 2008; 
Escudero et al. 2012; Iwamura et al. 2013; Martin et al. 2007; Webster et al. 2002). In the example 
of the red knot above, it was suggested that the impacts of the threat was effectively magnified in 
the population, because it occurred in a migratory bottleneck; one of only a few staging sites in the 
entire migratory flyway. Similarly, mortality of black-throated blue warblers (Dendroica 
caerulescens) was 15 times higher during migration than in other life history stages (Sillett and 
Holmes 2002). It is reasonable to assume that, due to the extreme energetic demands of migration, 
higher mortality during migration is not simply a matter of greater incidence of threat, but that a 
given threat may have a greater impact on a population depending on where in the flyway it occurs 
(Buehler and Piersma 2008; Taylor and Norris 2010; Webster et al. 2002). Thus, improving 
knowledge of the threats that impact migratory populations should be among the first knowledge 
gaps to be addressed in studies investigating population declines of migratory species.  
1.3 Declines of migratory shorebirds 
One of the most dramatic migrations is that of migratory shorebirds from their breeding 
grounds in the Arctic to non-breeding areas in the southern hemisphere (Altizer et al. 2011; Colwell 
2010). Most shorebirds display extreme endurance to complete discrete legs of their journey, with 
feats such as that of the bar-tailed godwit (Limosa lapponica baueri), which were recently shown to 
undergo an eight day, 11000 kilometre migration across the Pacific Ocean, from their breeding sites 
in Alaska to non-breeding areas in New Zealand with no stops to refuel (Battley et al. 2012; Gill et 
al. 2009; Wilson et al. 2007a). To complete such taxing journeys, shorebirds have many 
physiological adaptations, including the ability to gain immense energy reserves in very short 
periods (shorebirds can add up to 10% of body weight per day leading up to migration), reduce the 
size of some organs and increase the size of flight muscles prior to migration, and the ability to burn 
energy from organs as well as fat during flight (Battley and Piersma 2005; Battley et al. 2004; 
Colwell 2010; Hedenström 2010; Klaassen et al. 2012; McWilliams et al. 2004). Eight broad 
flyways – routes that encompass a full range of breeding, staging and non-breeding areas occupied 
by a population during an annual cycle – are recognised across the globe (Boere and Stroud 2006; 
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Piersma and Lindstrom 2004). Within these flyways, approximately 215 species of shorebird from 
14 families in the order Charadriiformes occur (Colwell 2010).  
Figure 1.1 The global distribution of migratory flyways. Migratory flyways are routes that 
encompass a full range of breeding, staging and non-breeding areas occupied by migratory 
bird populations across an annual cycle. Figure adapted from MacKinnon et al. (2012). 
 
 
Over the past two decades evidence indicating major recent shorebird declines across the 
world has emerged (Amano et al. 2010; Cao et al. 2009; Gosbell and Clemens 2006; Kirby 2010; 
Nebel et al. 2008; Wilson et al. 2011a). In some areas, recent population declines of more than 50% 
in some species have been observed (Wilson et al. 2011a). However, the vast geographic range that 
shorebirds traverse across their annual cycle renders the factors that driver population change 
difficult to identify. In addition, because events during one stage of the annual cycle can carry over 
to subsequent stages, population change in shorebirds can be driven by processes that occur many 
thousands of kilometres away from the site where population data are collected (Iwamura et al. 
2013; Sillett et al. 2000). Although threats are hard to isolate, many studies have suggested potential 
mechanisms for declines (Amano et al. 2010; Baker et al. 2004; Buehler and Piersma 2008; 
Escudero et al. 2012; Kraan et al. 2010; Niles et al. 2009; Sutherland et al. 2012; Wilson et al. 
2011a). In general, the major threats to shorebirds encompass four main processes; (i) habitat loss, 
(ii) exploitation and hunting, (iii) habitat degradation, and (iv) climate change. In this thesis I 
investigate the impacts of several of these threats on migratory shorebirds, particularly habitat loss 
(Chapters 2-5) and significantly improve our understanding what is driving changing populations of 
migratory shorebirds (Chapter 6). 
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1.3.1 Habitat loss 
During migration, shorebirds rely on tidal wetlands, particularly in South-east Asia and East 
Asia for staging (stopover sites) and refueling, and many of these sites are rapidly diminishing in 
both area and quality (An et al. 2007b; Barter 2003; Barter 2002; Gilman et al. 2008; Keddy et al. 
2009; Kirby et al. 2008; MacKinnon et al. 2012; Yang et al. 2011). For instance, in 1993 the coastal 
wetlands of Singapore, which provide important staging and non-breeding habitat for migratory 
shorebirds, were estimated to represent less than 24% of their 1950s extent (Hilton and Manning 
1995). Staging sites are of immense value to shorebirds as feeding sites allowing rapid energy gain 
during the migration itself. Without strategically located stopover sites within flight range, many 
shorebirds would be unable to achieve their migration (Colwell 2010; Ma et al. 2013; Myers 1983; 
Warnock 2010). Generally, habitat loss reduces the carrying capacity of shorebird sites, influences 
density dependence and is frequently associated with high levels of other threats, such as 
disturbance, hunting and degradation (Sutherland 1996; Sutherland et al. 2012). Recently, Iwamura 
et al. (2013) showed that the location of habitat loss within a migratory network can have vastly 
different consequences for migratory shorebird populations, with habitat loss in staging sites having 
the greatest impact on the population. Although concerns of habitat loss have been documented for 
decades, there remains no repeatable and robust estimate of the full extent of habitat loss across the 
flyway. Therefore, a sensible starting point for investigations into the processes threatening 
shorebirds is to robustly establish the patterns of habitat loss across the migration network, with 
particular focus on staging sites.  
1.3.2 Importance of coastal wetlands 
Coastal wetlands are of global importance to humans as a key provider of ecosystem 
services, economic opportunities and social values (Gilman et al. 2008; Keddy et al. 2009). In 
addition, coastal wetlands are the principal habitat for all migratory shorebirds, and the fate of their 
populations is dependent on the state of coastal wetlands within their range. Yet despite a vast array 
of national and international policy mechanisms, coastal wetlands worldwide are rapidly 
diminishing in both area and quality (Keddy et al. 2009; Kirwan and Megonigal 2013; Millenium 
Ecosystem Assessment 2005). For many coastal ecosystems, the declining health and status are well 
known; we know with high certainty that seagrasses, mangroves, coral reefs and oyster reefs are 
declining rapidly across the globe (Beck et al. 2011; De’ath et al. 2012; Gardner et al. 2003; Giri et 
al. 2011; Valiela et al. 2001; Waycott et al. 2009). However, despite coastal areas being the subject 
of intense remote sensing investigations for decades (Green et al. 1996; Phinn et al. 2000), the 
distribution and conservation status of tidal flats, the principal habitat for shorebirds, remain 
unknown. This is a major knowledge gap, because tidal flats are likely to have a broader 
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distribution than coastal ecosystems that are restricted to the tropics such as coral reefs and 
mangroves, and are the principal coastal ecosystem that fringe many of the worlds’ major coastal 
cities (Healy et al. 2002; Murray et al. 2014b). The primary reason for this deficiency is that tidal 
flats are exceptionally dynamic and are fully exposed only at low tides, a characteristic that has 
hitherto hindered attempts at mapping them and restricted mapping to local scales where data on 
tide height is available. In Chapter 2, I address this knowledge gap by developing a new method for 
mapping tidal flat loss, allowing rapid and accurate mapping of shorebird habitat at continental 
scales. In Chapters 3-5, I describe the patterns of loss of migratory shorebird habitat at their staging 
sites and provide the first quantitative information confirming widespread losses of coastal wetlands 
in East Asia. 
1.3.3 Other global threats 
In addition to habitat loss, many other threats are known to affect populations of migratory 
shorebirds (Colwell 2010; Sutherland et al. 2012). Coastal habitats around the world are subject to 
severe environmental pressure, resulting in widespread degradation of coastal habitats and declining 
ecosystem health (Diaz and Rosenberg 2008; Halpern et al. 2012; Lotze et al. 2006). The input of 
pollutants, widespread harvesting of finfish and shellfish, use of coastal zones for aquaculture and 
enormous utilization of all coastal habitats have all been demonstrated to affect shorebird numbers 
(Barter 2002; Douglas et al. 2013; Dwyer et al. 2013; Zharikov and Skilleter 2004). Similarly, 
hunting and disturbance are major threats, with hunting considered the primary threat to the 
critically endangered spoon-billed sandpiper (Eurynorhynchus pygmeus) (Zockler et al. 2010a) and 
disturbance is thought to be a key limitation in effective refueling (Baudains and Lloyd 2007; Goss-
Custard and Stillman 2008; Rogers et al. 2006). Many of these threats are implicated in declines of 
migratory shorebirds, although the full extent of the impacts they have on shorebirds remains 
unknown beyond anything other than local scales. In Chapter 4, I investigate the rapidly declining 
health of coastal habitats in the Yellow Sea region, the heart of the East Asian-Australasian 
shorebird migratory bottleneck, by reviewing the literature and placing the status of tidal flat 
ecosystems in the international framework of the IUCN Red List of Ecosystems. 
1.3.4 Understanding the dynamics of migratory shorebird populations 
Migratory shorebirds have distributional ranges that are among the largest of any animals on 
the planet (Colwell 2010) and understanding the factors that drive changes in populations over such 
large scales remains a key question in migration biology (Bowlin et al. 2010). Until recently, the 
majority of studies investigating population changes of migratory birds have been focused on how 
climate influences the distribution, migration pathways, populations and phenology of migrating 
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birds (Both et al. 2006; Both et al. 2010; Brown and Rohani 2012; Grosbois et al. 2008). 
Anthropogenic threats, such as the conversion of natural habitats to alternative land uses, are the 
most widely recognized drivers of population declines in animals (Hoffmann et al. 2010; Jetz et al. 
2007; Millennium Ecosystem Assessment 2005; Murray et al. 2014a), yet few studies have 
investigated them in studies of population dynamics in migratory birds. In Chapter 6, I disentangle 
the effects of global change on the population dynamics of a long-distance migratory shorebird 
(bar-tailed godwit) and the results provide significant insight into how populations respond to 
changing environments. 
1.3.5 The East Asian-Australasian Flyway 
Shorebirds that migrate to Australia do so through the 26 countries of the East Asian-
Australasian Flyway, where approximately 60 species regularly move from the Russian and 
American Arctic to non-breeding grounds in Asia, the Pacific, Australia and New Zealand (Figure 
1.1; Bamford et al. 2008). Surveys from individual sites across the flyway indicate rapid and recent 
declines of many migratory shorebird species (Amano et al. 2010; Barter 2002; Choi et al. 2013; 
Gosbell and Clemens 2006; MacKinnon et al. 2012; Nebel et al. 2008; Wilson et al. 2011a; Yang et 
al. 2011). At some sites, population declines of more than 50% have occurred in recent decades. For 
example, in Moreton Bay, Australia, seven species of migratory shorebird declined in abundance by 
43-79% over 15 years (Wilson et al. 2011a). Across Australia, the Red List status of migratory 
shorebirds is declining faster than any other group of birds, indicating that migratory shorebirds are 
a highly threatened component Australia’s avifauna (Szabo et al. 2012). In both cases presented 
above, populations of non-migrant species were not declining, raising the possibility that the 
threatening processes driving shorebird declines in Australia originate from elsewhere in the flyway 
(Szabo et al. 2012; Wilson et al. 2011a). Although we have some information about candidate 
threatening processes around the flyway, including habitat loss (described in this thesis), hunting 
and disturbance, the specific causes of the declines remain unknown and warrant further 
investigation. 
Unique to the East Asian-Australasian Flyway is the fact that the major staging sites used by 
shorebirds occur in a region that has the most heavily developed coastal zone on earth (Nicholls and 
Cazenave 2010; Small and Nicholls 2003). As such, the challenges for conservation in the East 
Asian-Australasian Flyway are immense. The flyway contains 45% of the global human population 
and has several countries with the highest environmental impact worldwide (Bradshaw et al. 2010; 
Liu and Diamond 2005; Orme et al. 2005; Sodhi et al. 2004; The World Bank 2011). Currently, 
conservation efforts for migratory shorebirds in the flyway are ad-hoc, disparate and poorly 
coordinated. Despite several international migratory bird agreements, an informal international 
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partnership for the flyway and considerable conservation investments, current conservation 
strategies appear to be failing (Bamford et al. 2008; Kirby et al. 2008; Rogers et al. 2010; Zockler et 
al. 2010b). Decision making is severely hampered by the paucity of information on even the most 
basic threatening processes in the flyway. There is a clear need to identify the major threatening 
processes at work in the flyway, to understand how shorebird populations are being affected and to 
support conservation actions that can overcome the significant challenges hampering effective 
conservation within the East Asian-Australasian Flyway. 
Figure 1.2 The East Asian-Australasian Flyway for migratory shorebirds. Red arrows 
indicate commonly used migration routes; blue shading denotes countries considered part 
of the flyway. Figure adapted from MacKinnon et al. (2012). 
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1.4 Project Aims 
The overarching aim of this thesis is to fill the key remaining knowledge gaps that hinder 
effective conservation of migratory shorebirds in the East Asian-Australasian Flyway. To achieve 
this, I develop new methods for mapping habitat change, conduct comprehensive spatial analyses 
for understanding coastal change, and relate my results to the declines of migratory shorebirds in 
the East Asian-Australasian Flyway.  
The specific aims of my PhD research are: 
1) To develop methods suitable for mapping coastal habitat loss, which is considered the 
primary threat to migratory shorebirds globally (Chapter 2) 
2) To quantify in space and time the extent of habitat loss in a major migratory bottleneck 
(Chapter 3); 
3) To assess the status of coastal habitats in the East Asian migratory bottleneck and place it in 
the global context of ecosystem loss (Chapter 4); 
4) To establish the effectiveness of conservation measures at protecting coastal habitats across 
China, North Korea and South Korea (Chapter 5); and 
5) To discover the impacts of threats and environmental variability across a migratory flyway 
to shorebird populations (Chapter 6). 
1.5 Structural Overview of Thesis 
In this thesis, I address many of the current knowledge gaps that hinder effective 
conservation of migratory shorebirds. First, I review the current state of knowledge relating to the 
declines of migratory species with a focus on the migratory shorebirds of the East Asian-
Australasian Flyway. Second, I develop new methods to measure coastal habitat loss and build 
novel quantitative analyses to determine how threats and conservation actions operating at various 
sites around the entire flyway might drive variation in the abundance of migratory shorebirds. 
Figure 1.3 is a conceptual overview of the thesis, outlining the relationship of the chapters and 
indicating the primary purpose of each chapter in the thesis. 
In Chapter 1, I develop the basis of this thesis by providing a practical and theoretical 
overview of issues relating to the conservation of migratory species. I examine the current state of 
knowledge and highlight the gaps and limitations of current research on migratory species. I then 
develop a new method for mapping change of coastal wetlands across very large (continental) 
scales using remote sensing methods (Chapter 2), and use this method to measure the loss of 
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intertidal wetlands in the Yellow Sea, by far the most important stopover site for migratory 
shorebirds in the East Asian-Australasian Flyway (Chapter 3). I then go on to build the first 
quantitative assessment of the state of intertidal ecosystems in East Asia, demonstrating that they 
meet the criteria for Endangered under the new Red List of Ecosystems protocol (Chapter 4). In 
Chapter 5, I assess the effectiveness of current conservation measures on coastal habitat in East 
Asia and highlight the urgent need to improve coastal conservation efforts in the region. In Chapter 
6 I investigate the relative contributions of known drivers of population change on two populations 
of a migratory shorebird and relate declines of these populations to the habitat losses I discovered in 
Chapter 3. Lastly, I synthesise the thesis by placing my results in the context of the broader 
scientific literature and outline the limitations of my research. I finish with suggestions for future 
research directions that have emerged from the significant new insight that I have presented in this 
thesis. 
Figure 1.3 Structural overview of the thesis. Text in red denotes the primary purpose of 
each chapter. 
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2 Continental scale mapping of tidal flats across East Asia using the Landsat 
Archive 
 
2.1 Abstract 
Tidal flats provide habitat for biodiversity, protection from storm surges and sea level rise, 
and a range of other ecosystem services. However, no simple method exists for mapping tidal flats 
over large (>1,000 km) extents, and consequently their global status and distribution remain poorly 
understood. Existing mapping methods are restricted to small areas with known tidal regimes 
because tidal flats are only fully exposed for a brief period around low tide. Here we present a 
method for mapping tidal flats over very large areas and demonstrate its utility by mapping the tidal 
flats of China, the Democratic People’s Republic of Korea and the Republic of Korea. We (i) 
generated tide height predictions at the acquisition time of all Landsat Archive images of our study 
area using a validated regional tide model, (ii) selected suitable images acquired in the upper and 
lower 10% of the tidal range, (iii) converted high and low tide images to a land and water class 
image derived from the Normalized Differenced Water Index (NDWI) and, (iv) subtracted the high 
tide classified image from the low tide classified image, resulting in delineation of the tidal flat. 
Using this method, we mapped the tidal flats for 86.8% of the study area coastline (13,800 km). A 
confusion matrix for error assessment indicated an accuracy of >85% for the resulting tidal flat 
map. Our method enables coastal morphology to be mapped and monitored at continental scales, 
providing critical data to inform coastal adaptation measures for sea level rise, for monitoring 
coastal habitat loss and for developing ecosystem-based coastal conservation measures. 
 
Murray N.J., Phinn S.R., Clemens R.C., Roelfsema C. & Fuller R.A. (2012) Continental scale 
mapping of tidal flats across East Asia using the Landsat Archive. Remote Sensing 4, 3417-26. 
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2.2 Introduction 
Tidal flats, the area between marine and terrestrial environments, are critically important for 
supporting biodiversity and providing coastal ecosystem services (e.g., storm protection) (Healy et 
al. 2002; Millennium Ecosystem Assessment 2005). Yet, despite an abundance of remote sensing 
projects that have focused on coastal areas (Cracknell 1999; Green et al. 1996; Phinn et al. 2000), 
there is no global estimate of the extent of tidal flats and present knowledge of their overall 
distribution remains limited. This is primarily due to a deficiency of tidal flat mapping techniques 
suitable for use over very large areas. Due to human impacts and a range of other threats, tidal flats 
are rapidly changing and reliable knowledge of their status is urgently required (MacKinnon et al. 
2012; Syvitski et al. 2009).  
Mapping tidal flats accurately is difficult because they are only exposed fully for a brief 
period at low tide, requiring precise timing of the acquisition of remotely sensed data. Specific 
applications of high precision mapping of tidal flats have been achieved in some countries using 
Light Detection and Ranging (LIDAR) and Synthetic Aperture Radar (SAR) from aircraft (Green et 
al. 1996). However, these methods are limited for application over continental scales because of 
rapidly changing tidal conditions and the high cost of airborne acquisitions (Cracknell 1999; Ryu et 
al. 2008).  
Over larger areas, satellite sensors such as the Landsat Thematic Mapper (TM), Enhanced 
Thematic Mapper (ETM+), MODIS and SPOT are regularly used to map the boundary between a 
water body and the exposed terrestrial surface, known as the waterline. A range of methods to 
establish the location of waterline have been developed, including manual digitization (Chen 1998; 
Zhao et al. 2008), edge detection (White and El Asmar 1999), density slicing (Ryu et al. 2008; Ryu 
et al. 2002) and multi-band classification (Foody et al. 2005). By delineating the waterline at known 
tide heights, digital elevation models for the intertidal zone can be developed and tidal flats mapped 
to high accuracy (Ryu et al. 2008). However, if the aim is to map the extent of tidal flats, these 
methods are only suitable for areas where there is tide height information for the precise time of 
data capture. Furthermore, by focusing only on the low-tide waterline they do not account for the 
location of the high-tide waterline, which is fundamental in determining the area of tidal flat. This is 
particularly important for continental scale mapping, where information on the location of the high-
tide waterline is not readily available. Thus, to determine the distribution and extent of tidal flats at 
continental scales, mapping methods must be developed that can manage (a) the scarcity of 
observed tide height data and (b) variation in the position of the high-tide waterline. 
Here we address this deficiency by developing a new methodology for mapping tidal flats 
suitable for application over continental or global scales. We use large-scale, freely available 
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Landsat Archive imagery and tide predictions from validated regional tide models to map areas 
where there is no prior information on tide heights available. By considering only two classes (tidal 
flat and other) and incorporating information on high-tide waterlines, tidal flats are mapped rapidly 
and accurately at a continental scale. We demonstrate this method over ~16,000 km of coastal East 
Asia, from southern China to the Republic of Korea, a region with some of the largest tidal flats 
globally (Healy et al. 2002). 
2.3 Methods 
Our study area comprised the coastline from the Vietnam-China border (21°32′N, 108°1′E) 
to the eastern Democratic People’s Republic of Korea-Republic of Korea border (38°36′N, 
128°21′E).  
2.3.1 Satellite Sensor and Image Selection 
Metadata for all Landsat TM and ETM+ images available for the study area since 2000 were 
obtained (13,125 images) using the USGS Earth Explorer (http://earthexplorer.usgs.gov), which 
contained information on the geographic location, cloud cover and acquisition time and date. 
Because information on tide height is critical for determining the extent of tidal flats, we made tide 
predictions for a point 5 km from the coastline and nearest to the coastline mid-point of each image. 
We used the Tide Model Driver and the Oregon State University Tidal Inversion Software to 
operate the China Seas tide model, which is a regionally validated tide model with an RMS misfit of 
<5cm (Egbert and Erofeeva 2002; Erofeeva and Padman 2010; Zu et al. 2008).  
We obtained all images in the upper (high tide) and lower (low tide) 10% of the tidal range 
with a cloud coverage of <30% (1,040 images). From this image set, the final low-tide and high-tide 
images were selected according to the following selection criteria; (i) obtain the highest and lowest 
tide heights possible, (ii) minimize the period of time elapsed between capture of the high and low 
tide images, (iii) minimize coastal cloud cover and, (iv) use the most recent imagery available. The 
final set, covering the entire coastline of China and the Korean Peninsula, contained 78 images over 
39 path/rows with a mean time difference between high and low tide images of 664 days (σ = 532 
days). 
2.3.2 Image Pre-processing 
The final image set was pre-processed to at-surface reflectance by converting digital number 
values to at-sensor reflectance and then applying a dark pixel subtraction to account for atmospheric 
attenuation (Chander et al. 2009; Chavez 1988; Song et al. 2001). Georectification was not required 
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as all images were processed to USGS level 1 terrain-corrected products (L1T), which was 
determined as an acceptable level of spatial accuracy for the aims of the study (Irish 2008). 
Figure 2.1 High resolution example of tidal flat exposure between high tide (left) and low 
tide (right) Landsat TM images (bands 4, 5, 3) in the Democratic People’s Republic of 
Korea. The tidal flat, which appears in the low tide image as a light band around the 
coastline, is not present in the high tide image. Other changes in the images are due to 
image acquisition occurring in different seasons. 
 
2.3.3 Tidal Flat Delineation 
To map the tidal flat, which we defined as the area inundated between the low and high tide 
waterline, we developed a two phase process centered on differencing high and low tide TM and 
ETM+ images (Figure 2.2). The method was implemented in ArcGIS 10.0 using the Python 
programming language. 
In the first phase, we generated a land and water class image using the Normalized 
Differenced Water Index (NDWI) (Liu et al. 2012). The NDWI is widely used to delineate open 
water features from terrestrial environments (McFeeters 1996; Ouma and Tateishi 2006) and as it 
includes the Near Infrared (NIR) and a visible band, is suitable for delineating the waterline in tidal 
habitats (Ryu et al. 2002). We calculated NDWI for each pixel with the following formula:  
𝑅𝑇𝑀/𝐸𝑇𝑀 =
𝜌𝑔𝑟𝑒𝑒𝑛 − 𝜌𝑁𝐼𝑅 
𝜌𝑔𝑟𝑒𝑒𝑛 + 𝜌𝑁𝐼𝑅
 
(
1) 
where 𝜌𝑔𝑟𝑒𝑒𝑛 and 𝜌𝑁𝐼𝑅 are the radiances of the green and near infrared wavelengths 
(McFeeters 1996). As the land-water threshold of NDWI is known to vary between images in multi-
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temporal studies, we manually applied a threshold on an image-by-image basis, producing an image 
set comprising high tide and low tide images classified into two classes, land and water (Liu et al. 
2012; Zhao et al. 2008). 
Figure 2.2 The image differencing method for mapping tidal flats. A regional tide model is 
used to identify images acquired at high and low tide. Mapping of tidal flats is then 
achieved by creating a land/water classified image from the Normalized Differenced Water 
Index (NDWI), and subtracting the high tide classified image from the low tide classified 
image, resulting in delineation of the tidal flat (shown in red).  
 
 
In the second phase we subtracted the high tide water class from the low tide water class, 
enabling the area that changed between high and low tide to be identified; the tidal flat. The tidal 
flat output was post-processed to remove random incorrect pixels and areas that had changed 
between high and low tide images but were not tidal flats, such as coastal developments or flooding 
of aquaculture ponds. Additionally, a manually-derived mask was applied to remove areas that were 
(i) covered by cloud, (ii) certainly not tidal, such as land or deep ocean or (iii) areas where waterline 
delineation could not be achieved due to siltation, ice or algal blooms.  
2.3.4 Accuracy Assessment 
The accuracy measures (overall, user’s and producer’s) of the resulting spatial estimate of 
tidal flat extent were derived and assessed by independently comparing reference data with map 
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data in a confusion matrix (Congalton and Green 2008; Foody 2009). We generated 260 sample 
locations by stratified random sampling the non-masked area for the two output classes (tidal flat 
and other). Map data were extracted for these points from the tidal flat map. Reference data were 
derived by an independent analyst who labeled each sample point with tidal flat or other class, 
based on assessment all available Landsat bands of the low-tide images and other available 
information (such as Google Earth).  
2.4 Results and Discussion 
We utilized 78 Landsat TM and ETM+ images to produce the first continental scale map of 
tidal flats, covering 13,800 km (86.8%) of the China, Democratic People’s Republic of Korea and 
Republic of Korea coast (Figure 2.3).  
Overall classification accuracy across the sample set was 89.2%, with a user’s accuracy of 
91.1% and a producer’s accuracy of 86.9% (Table 2.1). Such a high level of accuracy is not 
surprising given the manual application of the land-water threshold to each NDWI image, the use of 
Landsat TM/ETM+ for validation and the small number of mapping categories (Congalton and 
Green 2008; Liu et al. 2012; Zhao et al. 2008). Misclassified pixels overwhelmingly occurred in the 
landward region of the tidal flat on slivers of exposed surface between the high tide waterline that 
we detected and the natural coastline or seawall. Such misclassifications generally arose from 
limited availability of spring high tide images, which required the use of images acquired below the 
highest possible tide, although these were always within the upper 10% of the tidal range. Despite 
using accurate, regionally validated tide models available there were small errors in tide height 
predictions, as well as from natural variation in tide heights across each Landsat image (Egbert and 
Erofeeva 2002; Zu et al. 2008). Our method results in estimates that are conservative compared 
with the actual tidal area, because complete delineation of the entire intertidal area can only be 
achieved when the images are precisely timed relative to the extremes of the tide. Nevertheless, the 
accuracy of our method for mapping exposed tidal flat is well within the bounds of widely accepted 
targets for remote sensing (Congalton and Green 2008). 
Due to environmental factors such as cloud cover, sea ice, extreme water turbidity, 
pollution, algal blooms and vegetation cover it was not possible to map 13.2% of the study 
coastline. Because paired images were required for image differencing, if one these factors occurred 
on either image then mapping the tidal flat was not possible for that area. Additionally, the 
occurrence of SLC-off striping on recent ETM+ imagery resulted in some striped areas of no-data 
within the mapped output that could not be gap-filled due to varying tide heights in other available 
imagery (Irish 2008). 
40 
Figure 2.3 Areas of mapped coastline using the image differencing method. The inset 
shows an example for a coastal area of Democratic People’s Republic of Korea at (a) low 
tide, (b) high tide and (c) the mapped tidal flat (red). 
 
 
The availability of suitable high and low tide images resulted in considerable periods of time 
elapsing between acquisitions of each paired image. For the coastline of China and South Korea 
particularly, anthropogenic coastal modification, including widespread land reclamation, is occurring 
at such a rapid rate that the coastline can change between image acquisitions. For example, land 
claims for coastal development were occasionally identified as tidal flat because they changed from 
water to land between the high and low tide images. Such artifacts were removed manually during 
post-processing. Furthermore, the dynamic nature of tidal flats, particularly in estuaries where 
accretion and erosion continually occur as well as areas with regular seasonal changes of tidal flat 
extent, can lead to changes in the tidal flat extent between the acquisitions of suitable images. 
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Table 2.1 Confusion matrix for the image differencing method for mapping tidal flat. The 
matrix shows the actual and classified cases in the columns and rows, respectively. The 
proportion of correctly allocated cases indicates the overall classification accuracy.  
Classified 
Reference 
∑ producer 
User’s accuracy 
(%) Tidal flat Other 
Tidal flat 113 17 130 86.9 
Other 11 119 130 91.5 
∑ user 124 136 260 
 Producer's accuracy (%) 91.1 87.5  
Overall accuracy (%) 89.2 
 
Ryu et al. (2002) investigated the accuracy of several approaches for delineating tidal flats 
based on waterline delineation and showed that although some methods can result in error of up to 
several hundred meters, best performance was achieved using a combination of the NIR and a 
visible band, preferably on a flood tide when the exposed sediment is most dry. By using the 
NDWI, which includes the NIR and the green band, we adopted a high performing, widely accepted 
method for delineating open water features (McFeeters 1996). However, evaluation of waterline 
mapping on tidal flats with the NDWI is required, preferably with on-ground reference data 
collected at known tide stages and heights at the same time as sensor data. Since the threshold value 
of the NDWI for delineating open water features is known to vary among scenes with TM or ETM+ 
data (Liu et al. 2012; Xu 2006), additional work to predict the waterline threshold using individual 
image properties would allow for further automation of our methodology(Liu et al. 2012).  
Tidal flats are declining in area in many regions due to human impacts and sea-level rise, 
leading to suspected declines in biodiversity (Szabo et al. 2012; Wilson et al. 2011a), loss of 
ecosystem services (An et al. 2007b; Millennium Ecosystem Assessment 2005) and negative 
impacts to human livelihoods (MacKinnon et al. 2012; Millennium Ecosystem Assessment 2005). 
As such, an analysis of their current status is urgently required. Our method could be applied to all 
images in the Landsat Archive (MSS, TM or ETM+), which will allow the status of tidal flats to be 
determined for any region where sufficient Landsat data exist. Additionally, the method is suitable 
for application to other sensor data, permitting the use of a wide range of sensors to meet varying 
objectives. For example, if higher resolution mapping of the tidal area is sought, perhaps for areas 
with very small tidal flats, obtaining data at the relevant tides from a high resolution source such as 
Quickbird, Worldview 2, IKONOS or SPOT would be possible. Likewise, if the aim is to determine 
the maximum area of tidal flat, then the use of a high repeat frequency sensor such as MODIS 
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would likely increase the likelihood of obtaining images acquired on the highest and lowest tide, 
although its resolution would restrict its application to large tidal flats only.  
2.5 Conclusions 
Despite major advances in applications of remote sensing, such as the suite of global land-
cover maps and habitat specific atlases, the spatial distribution and status of intertidal habitats 
globally remains poorly known. Here we present a simple, broadly applicable method developed for 
mapping tidal flats over large areas using the Landsat archive of TM and ETM+ imagery. The 
method can be rapidly and efficiently applied to all Landsat imagery in the Landsat archive, 
allowing the status of tidal flats to be determined for any region around the world. Our method will 
prove a useful tool for studies of ecological and coastal morphology change, particularly with 
regard to ecosystem services, climate adaptation responses, biodiversity conservation and coastal 
management.  
We have produced the first map of tidal flats of China and the Korean peninsula, an area 
which has large tidal flats, is undergoing rapid coastal change and is at-risk from coastal inundation 
due to climate change. With a spatial resolution of 30m x 30m and covering approximately 13,800 
km of coastline, our output is to our knowledge the only map of tidal flats available for our study 
region and can be used to assess coastal change in the region since the advent of Landsat Archive 
imagery. 
2.6 Acknowledgements 
This work was supported by Linkage Grant LP100200418 from the Australian Research 
Council, co-funded by the Queensland Department of Environment and Resource Management, the 
federal Department of Sustainability, Environment, Water, Population and Communities, the 
Queensland Wader Study Group and the Port of Brisbane Pty Ltd. Additional support came from a 
Birds Queensland Research Grant and a CSIRO Climate Adaptation Flagship scholarship (to 
N.J.M.). We thank Mitchell Lyons, Jeffrey Hanson and Vladimir Wingate for advice, programming 
support and assistance with the accuracy assessment. We also thank Tony Gill and Lisa Hardy 
(Joint Remote Sensing Research Program/Remote Sensing Centre at Queensland Department of 
Science, Information Technology Innovation and the Arts) for Landsat Archive processing expertise 
and early discussions. 
  
43 
3 Tracking the rapid loss of tidal wetlands in the Yellow Sea  
 
3.1 Abstract 
In the Yellow Sea region of East Asia, coastal wetlands are the frontline ecosystem 
protecting a coastal population of more than 150 million people from storms and sea-level rise. 
However, unprecedented coastal development has led to growing concern about the status of these 
ecosystems. We developed a remote sensing method to assess change over ~4,000 kilometres of the 
Yellow Sea coastline and discovered extensive losses of the region’s principal coastal ecosystem, 
tidal flats, driven primarily by urban, industrial and agricultural land reclamations. Our analysis 
revealed that 28% of tidal flats existing in the 1980s had disappeared by the late-2000s (1.2% yr
-1
). 
Moreover, reference to historical maps suggests that up to 65% of tidal flats were lost over five 
decades. With the region forecast to be a global hotspot of urban expansion, development of the 
Yellow Sea coastline should pursue a course that minimizes ecosystem loss and protects remaining 
coastal ecosystems. 
 
Murray N.J., Clemens R.S., Phinn S.R., Possingham H.P. & Fuller R.A. (2014) Tracking the rapid 
loss of tidal wetlands in the Yellow Sea. Frontiers in Ecology and the Environment. 12, 267-72. 
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3.2 Introduction 
Human populations are increasing exponentially in coastal regions worldwide, rendering 
nearly 200 million people vulnerable to severe weather events and sea-level rise (Small and 
Nicholls 2003). Many of the world’s most densely populated coasts are fringed by protective tidal 
flats, that stabilize coastlines, defend against storm surges, and provide economic opportunity to 
human communities (Healy et al. 2002; Nicholls et al. 2007). With exceptionally high biodiversity 
supported by both terrestrial and marine derived nutrients, tidal flats are among the world’s most 
productive ecosystems, acting as nurseries for finfish and shellfish, and habitat for tens of millions 
of migratory birds (Millennium Ecosystem Assessment 2005). However, recent reports of 
substantial reductions of sediment delivery from major rivers (Syvitski et al. 2005), sinking of river 
deltas (Syvitski et al. 2009), coastal erosion (Nicholls et al. 2007), and widespread degradation from 
coastal development (Kirwan and Megonigal 2013) indicate that coastal ecosystems are under 
extreme stress, yet the changing status of tidal flats remain unknown at anything other than local 
scales.  
Such paucity of knowledge stems from the fact that tidal flats are only fully exposed at low 
tide, which hinders detection of change in their extent over large areas. We resolve this by 
developing a method for mapping long-term change of tidal ecosystems using publicly available 
time-series satellite imagery. With additional reference to historical topographic maps, here we 
report on more than 50 years of change in tidal flat extent for ~4,000 km of the Yellow Sea 
coastline, East Asia. Tidal wetlands in the Yellow Sea are dominated by tidal flats which, at up to 
20 km wide, are among the most extensive in the world (Healy et al. 2002), providing an estimated 
$30 billion per year in ecosystem services (MacKinnon et al. 2012) and buffering one of the most 
densely populated coastal areas in the world from storms and sea-level rise (Nicholls et al. 2007; 
Small and Nicholls 2003). Encompassing the densely populated coastlines of China, South Korea 
and North Korea, about 150 million people live in coastal regions of the Yellow Sea, and 
unprecedented urban, industrial and agricultural expansion in the region has led to growing concern 
about coastal ecosystem integrity and threatened species conservation (CIESIN 2005; MacKinnon 
et al. 2012). With the Yellow Sea coastal zone forecast to be part of a coastal urban corridor 1,800 
km long by 2030 (Seto et al. 2012), there is an urgent need to understand the distribution and status 
of remaining coastal ecosystems to allow the development of complementary conservation and 
land-use planning strategies.  
We mapped the extent of tidal flats across the three countries with a Yellow Sea coastline—
China, North Korea and South Korea—at three time periods (mid 1950s, early 1980s and late 
2000s). The analysis was conducted on 80 Landsat Archive images in two clusters (early 1980s and 
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late 2000s) and 25 digitized 1:250,000 topographic maps (mid 1950s) across ~4000 km of coastline 
between northern Jiangsu province, China (34°29′N, 119°47′E) and eastern Busan province, South 
Korea (35°20′N, 129°17′E; Figure 3.1). For the first time, we report on changes of the area of tidal 
flats over time scales and spatial extents that have hitherto been impossible to study. 
3.3 Materials and methods 
3.3.1 Satellite data and topographic maps 
We first estimated the tidal elevation at the time of acquisition for all Landsat Archive 
images available for the Yellow Sea coastal region (5,568 images) using the Oregon State 
University China Seas tide model (Egbert and Erofeeva 2002). We visually reviewed all Landsat 
Archive images that were acquired within the upper and lower 10% of the tidal range and selected 
an image-set comprising images suitable for the subsequent remote sensing analysis (Murray et al. 
2012). The final image-set comprised 32 ETM+ (Enhanced Thematic Mapper Plus), 12 Landsat TM 
(Thematic Mapper), 36 Landsat MSS (Multi-Spectral Scanner) satellite images across 20 Landsat 
185 km x 170 km footprints, with images including areas with macro (>4 m), meso (2-4 m) and 
micro tidal (<2 m) ranges (mean tide range 2.45 m) (Table A3.2). For each Landsat scene, we used 
image differencing of classified land-water images to map the area between the high and low tide 
waterline in each time period, resulting in wall-to-wall datasets of tidal flats present in the 1980s 
and 2000s (Murray et al. 2012).  
To assess the accuracy of each tidal flat dataset, we adopted a widely used accuracy 
assessment protocol termed an error matrix (Congalton and Green 2008). An independent analyst 
was offered 240 randomly generated points over the study area for each dataset and was required to 
classify each point as either tidal flat or other, using the low-tide satellite image set for the period in 
question (Murray et al. 2012). The analyst was able to use all available bands of the Landsat 
imagery to decide whether a point was tidal flat. The resulting dataset of validation points, when 
compared with our classification points, allowed the error matrix for each period to be populated 
(Tables A3.3 and A3.4). The accuracy assessment revealed >94% overall classification accuracy for 
mapping tidal flats with Landsat Archive imagery.  
For a historical baseline, we digitized 25 coastal maps available from the AMS L500 
(China), L541 (Manchuria) and L552 (Korea) series of 1:250,000 topographic maps (United States 
Army Map Service 1962). The collection was produced between 1950 and 1962, and depicts tidal 
flats to a smallest patch size of approximately 250 x 250m. All of the maps contained reliability 
diagrams indicating areas of “good” or “photography” as well as their origin, which included large-
scale topographic maps, photogrammetric and hydrographic sources. The topographic maps were 
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georeferenced against prominent topographical features in L1T processed Landsat imagery and the 
foreshore flat class was delineated using interactive digitization methods (Hood 2004; Hughes et al. 
2006). Given their level of detail, the inclusion of reliability diagrams, information on their source 
data, and the overlap with our Landsat derived datasets (Figure 3.2), we considered this dataset a 
valuable historical baseline. 
3.3.2 Change detection 
To permit comparison across the three time periods (1950s, 1980s, 2000s), each dataset was 
resampled to 250 m spatial resolution, which was larger than the smallest patch of tidal flat depicted 
in the topographic maps, then reprojected to the Albers Equal Area projection and mosaicked across 
the study area. We also accounted for the 2003 failure of the Scan Line Corrector (SLC) aboard the 
Landsat 7 satellite, which resulted in data gaps (striping) for approximately 26% of the tidal flat 
area in the 2000s dataset. Areas of images lost due to the SLC failure were overlaid on the complete 
1980s dataset, allowing change between the two datasets to be calculated. Thus, the 2000s extent of 
tidal flat (A2) is calculated as A2 = A1[1–((Ah–Ap)/Ah)] where A1 is the 1980s extent of tidal flats, 
Ap is the 2000s dataset (with SLC-off data gaps) and Ah is the artificially striped A1 dataset. Lastly, 
areas that could not be mapped in one time period, primarily because of chronic cloud or ice cover, 
were masked over all three datasets, resulting in final coverage of 87.9% of the study area coastline 
(Figure 3.1).  
We established the total area of each of the three tidal flat datasets and calculated the net 
change over the study region between each of the time periods (1950s-1980s, 1980s-2000s, 1950s-
2010s; Table 3.1). We also calculated the continuous rate of change (r, % yr
-1
) of tidal flats on a per 
Landsat footprint basis between each of the time periods as r = [1/(t2
 – t1)]×ln(A2/A1) where A1 and 
A2 are the areas of tidal flat in a Landsat footprint at t1 and t2 respectively.  
3.4 Results and Discussion 
Our analysis of the change in areal extent of tidal flats in the Yellow Sea indicates that of the 
545,000 ha present in the 1980s, only 389,000 ha remained three decades later, equating to a net 
loss of 28% at a mean rate of -1.2% yr
-1
 (Table 3.1). Comparing the three countries in our analysis, 
China lost more tidal flat area and at a faster rate (39.8%, -1.8% yr
-1
) than South Korea (32.2%, -
1.6% yr
-1
), and in North Korea minor gains of tidal flat occurred (8.5%, 0.3%yr
-1
). Our area figures 
are underestimates of the full tidal flat extent in the Yellow Sea, because cloud cover, ice cover and 
lack of images acquired at suitable tide heights precluded mapping 12.1% of the study area 
coastline (Figure 3.1). Nevertheless our data cover >4,000 km of the Yellow Sea coastline and 
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reveal rapid and widespread declines of tidal flats across the entire Yellow Sea region (Table 3.1, 
Figure 3.1). 
According to historical maps of the region, tidal flats occupied 1.12 million ha in the mid-
1950s, equating to a potential net loss of up to 65% over 50 years (Table 3.1). Comparisons with 
historical mapping must of course be interpreted cautiously, although we took care to match the 
resolution of the three datasets and we thoroughly investigated the reliability of the maps. Thus, 
over the entire time period of our analysis, our results suggest that up to two-thirds of the tidal flats 
existing in the Yellow Sea in the 1950s have vanished, with losses in China and South Korea 
accounting for the majority of the decline (Table 3.1, Figure 3.1). 
Losses of tidal flats were spatially pervasive, occurring throughout the heavily populated 
and rapidly developing coastal areas of the Yellow Sea (Figure 3.1). Tidal flats increased in extent 
in a few isolated areas, such as the prograding delta of the Yellow River and on the seaward edge of 
several coastal embayments and river deltas. Much of the Yellow Sea coastline is under intense 
pressure from land claims (commonly termed reclamation) for agriculture, aquaculture and 
industrial development (Figure 3.2, Figure 3.3). For example, agricultural development in 
Chungcheongnam-do Province, South Korea, caused the loss of more than 7000 ha of tidal flats 
over the last 30 years (Figure 3.2). Two of the largest reclamation developments currently 
underway, Saemangeum, South Korea (40,100 ha) and the Caofeidian port development, China 
(31,000 ha; Figure A3.1), are among the largest reclamation projects on earth (CCICED 2010; 
MacKinnon et al. 2012). Similarly, the conversion of tidal flats to aquaculture ponds is widespread 
in the Yellow Sea and, with Asia currently supplying 89% of global aquaculture production (FAO 
2012), further reclamation of tidal flats will be required to satisfy increasing demand (Naylor et al. 
2000). The impact of reclamation activity on tidal flats is also reflected in our results for North 
Korea, where the near absence of recent coastal development allowed minor gains in tidal flat 
extent. This appears to result from sediment deposition in the estuaries of the Yalu and Chongchon 
rivers, perhaps owing to increased soil erosion caused by the abrupt land clearing that occurred in 
North Korea during the 1990s (Stone 2012).  
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Figure 3.1 Change in tidal flats in the Yellow Sea between the 1950s and the 2000s, 
mapped at a 5 km grid resolution. Net change between the two time periods is shown on a 
color ramp from red (total loss) to blue (gain).  
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Figure 3.2 High spatial resolution example of tidal flat conversion to agricultural and 
industrial land in Chungcheongnam-do, South Korea (1954, 1981, 2010). Dark green 
denotes tidal flats mapped in their native resolution, manually delineated (topographic 
map, left) or mapped by the remote sensing method (satellite images, right). Seawalls 
adjacent to large areas of tidal flat can be observed in both satellite images, with the 2010 
image displaying widespread conversion of tidal flat (brown in 1981) to agricultural and 
industrial land (dark purple in 2010). 
  
Tidal flats may be expected to shift seaward over the long-term in response to reclamation 
activities (Hood 2004; Kirwan and Megonigal 2013), but our data indicate this is not happening at a 
rate sufficient to compensate for the loss, probably as a result of local compaction and appropriation 
of tidal flat sediments for construction purposes (MacKinnon et al. 2012). Studies of salt marsh 
systems have shown that changes in sediment supply and loss of coastal vegetation can lead to 
collapse of tidal wetlands, resulting in a runaway effect of tidal flat deepening and bed erosion 
(Kirwan and Megonigal 2013; Mariotti and Fagherazzi 2013). Yellow Sea tidal flats are highly 
dependent on ongoing sediment supply (Healy et al. 2002) and substantial declines of sediment 
output from major rivers in the region, such as the 90% decline in sediment flow from the Yellow 
River during the twentieth century (Syvitski et al. 2009; Wang et al. 2010a), could also be 
contributing to the broad-scale losses that we detected. Consequently, although we consider coastal 
reclamation to be an important driver of tidal flat loss in the Yellow Sea, processes such as changes 
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in sediment supply, loss of coastal vegetation associated with development, erosion, redistribution 
of sediments due to storms, and subsidence caused by extensive subsurface resource and 
groundwater extraction are also likely to be operating (Bartholdy and Aagaard 2001; Higgins et al. 
2013; Nicholls and Cazenave 2010). These factors can also increase vulnerability of coastal 
communities and coastal developments to storms and sea level rise, because land reclamations, 
intensive extractive activities and sediment declines have been shown to lead to relative sea level 
rise that can be several orders of magnitude greater than background levels of local and global sea 
level rise (Cazenave and Le Cozannet 2013; Higgins et al. 2013; Li et al. 2004). 
Figure 3.3 Tidal flat conversion to alternative land uses. Coastal reclamation for industrial 
land at an offshore island, noting the ships in port at the top left for scale, South Korea (A). 
Aquaculture development encroaching approximately 250m onto tidal flat (top of image), 
Yeongheung-do, South Korea (B).  
  
 
Although alarming in magnitude, our results are in broad agreement with several other 
sources of information on coastal wetland loss in East Asia. For example, the China Council for 
International Cooperation on Environment and Development (CCICED) reported that China lost 
57% of its coastal wetlands since the 1950s, and that more than 1.3 million ha of coastal 
reclamation occurred between the years 1990 and 2008 (CCICED 2010). Other estimates include 
that 51% of coastal wetlands in China were lost over the past 50 years (An et al. 2007b), that more 
than one-third of China’s tidal flats have been reclaimed (Yu 1994), and that half of South Korea’s 
tidal wetlands have been reclaimed in the last 50 years (Cho and Olsen 2003). With the 
implementation of a robust, repeatable remote sensing framework, our results provide the first 
quantitative verification of the widespread declines of tidal flats in the Yellow Sea region. Globally, 
the status and distribution of tidal flats remain poorly understood, and with about one-third of 
vegetated coastal ecosystems, including mangroves, seagrass and salt marsh, estimated to have been 
lost in the past few decades (Mcleod et al. 2011), the total loss of tidal flats could be equally as 
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high. Our method for mapping tidal flats permits detailed measurement of tidal habitats over 
thousands of kilometres, and could provide a practical solution for establishing the status of tidal 
wetlands for any large geographic region. 
Table 3.1 Tidal flat area and rates of change by country, 1950s – 2000s 
 
Estimated area of tidal flat  
(ha) 
% loss 
Continuous rate of change 
(% yr
-1
) 
1950s 1980s 2000s 
1950s-
1980s 
1980s-
2000s 
1950s-
2000s 
1950s-
1980s 
1980s-
2000s 
1950s-
2000s 
China 539,794 267,751 161,066 50.4 39.8 70.2 -2.7 -1.8 -2.2 
North Korea 231,813 99,333 107,765 57.1 -8.5 53.5 -4.9 0.3 -1.6 
South Korea 350,331 177,729 120,472 49.3 32.2 65.6 -2.4 -1.6 -2.0 
Yellow Sea 1,121,938 544,812 389,303 51.4 28.0 65.3 -3.0 -1.2 -2.0 
Notes: Area estimates should be considered minima for the Yellow Sea, because 12.1% of the coastline could not be 
mapped owing to the presence of cloud or ice cover in satellite imagery obtained at suitable tide heights (Figure 3.1). 
 
3.5 Conclusion 
Our analysis indicates that tidal flats in the Yellow Sea are declining at a rate comparable to 
many other at-risk ecosystems, such as tropical forests (Achard et al. 2002), seagrass meadows 
(Waycott et al. 2009) and mangroves (Giri et al. 2011). None of the drivers we identify is unique to 
this region of the world. Degradation and reclamation of coastal wetlands is a worldwide 
phenomenon (Millennium Ecosystem Assessment 2005) and is likely to intensify owing to the 
increasing scarcity of land in coastal areas, and the low cost and rapid pace at which these areas can 
be developed (MacKinnon et al. 2012). Similarly, reduced sediment discharge, often associated 
with trapping of sediments in reservoirs, is associated with land loss at 26 of the world’s major river 
deltas (Syvitski et al. 2009). These factors, when combined with coastal subsidence due to resource 
extraction and coastal development, result in relative sea level rise in coastal regions that is far 
greater than the rate of global sea level rise, potentially leading to further loss of tidal flat 
ecosystems (Syvitski et al. 2009).  
A combination of accelerating human population growth along the world’s coastlines  and 
impacts expected from sea-level rise suggest that unless prompt action is taken to protect remaining 
tidal wetlands, coastlines and their associated ecosystem services will become increasingly 
vulnerable in the twenty-first century. Major systems of tidal flats protect 15 of the world’s 20 most 
flood-vulnerable coastal cities (Table A3.1) and their maintenance and protection offers an 
additional method for shielding these communities from the impacts of storms and sea level rise 
(Arkema et al. 2013). Early warning signs from the Yellow Sea suggest that the consequences of the 
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loss of intertidal ecosystems for coastal biodiversity may already be apparent. Of the six migratory 
shorebird species that depend solely on Yellow Sea tidal flats during migration, the great knot 
Calidris tenuirostris and the eastern curlew Numenius madagascariensis have recently been listed 
as globally threatened by the IUCN (IUCN 2014). In the Yellow Sea, where substantial urban 
expansion is forecast in coastal areas, safeguarding ecosystem services provided by tidal flats and 
ensuring protection of the region’s coastal biodiversity will require coastal development strategies 
that that minimize ecosystem loss and protect remaining coastal ecosystems. 
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4 Tidal flats of the Yellow Sea: a review of ecosystem status and anthropogenic 
threats  
 
4.1 Abstract 
Tidal flats provide ecosystem services to billions of people worldwide, yet their changing 
status is largely unknown. In the Yellow Sea region of East Asia, tidal flats are the principal coastal 
ecosystem fringing more than 4,000 km of the coastlines of China, North Korea and South Korea. 
However, widespread loss of areal extent, increasing frequency of algal blooms, hypoxic dead-
zones and jellyfish blooms, and declines of commercial fisheries and migratory bird populations 
suggest this ecosystem is degraded and declining. Here, we apply the IUCN Red List of Ecosystems 
criteria to the Yellow Sea tidal flat ecosystem and determine that its status is Endangered. 
Comparison of standardized remotely sensed habitat data and historic topographic map data 
indicated that in the last 50 years, a decline of more than 50% but less than 80% of tidal flat extent 
has occurred (criterion A1). Although restricted to a narrow band along the coastline, Yellow Sea 
tidal flats are sufficiently broadly distributed to be classified as Least Concern under criterion B. 
However, widespread pollution, algal blooms and declines of invertebrate and vertebrate fauna 
across the region result in a classification of Endangered (C1, D1). Owing to the lack of long term 
monitoring data and the unknown impacts of severe biotic and abiotic change, the ecosystem was 
scored as Data Deficient for criterion E and Not Evaluated for several subcriteria. Our assessment 
demonstrates an urgent need to arrest the decline of the Yellow Sea tidal flat ecosystem, which 
could be achieved by (i) improved coastal planning and management at regional and national levels, 
(ii) expansion of the coastal protected area network and, (iii) improved managed of existing 
protected areas to reduce illegal land reclamation and coastal exploitation.. 
 
Murray N.J., Ma, Z., & Fuller, R.A. (in press) Tidal flats of the Yellow Sea: a review of ecosystem 
status and anthropogenic threats. Austral Ecology. 
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4.2 Introduction 
Tidal flats provide ecosystem services to billions of people worldwide, yet their changing 
status is largely unknown (Millennium Ecosystem Assessment 2005). Tidal flats are classified by 
the International Union for Conservation of Nature (IUCN) within Marine Intertidal habitats as 
Mud Shoreline and Intertidal Mud Flats (12.4) and are defined as a coastal wetland ecosystem 
characterized by fine-grained sedimentary deposits within a broad, low-sloping intertidal zone, 
where they undergo regular inundation during the tidal cycle (Healy et al. 2002; IUCN 2012b). In 
the Yellow Sea region of East Asia, tidal flats occur in association with a variety of coastal 
landforms across a latitudinal range of about 8°, and constitute the principal coastal ecosystem 
fringing more than 4,000 km of the coastlines of China, North Korea and South Korea (Figure 4.1). 
Owing to a wide extent of occurrence and very high productivity, the Yellow Sea tidal flat supports 
a diverse biota, including more than three million migratory shorebirds that use the ecosystem as 
stopover sites to feed on abundant benthic invertebrates during their annual migration (Barter 2002; 
UNDP/GEF 2007). In addition, Yellow Sea tidal flats provide important ecosystem services 
including storm protection, coastline stabilization and food production for a coastal population of 
more than 150 million people (MacKinnon et al. 2012; Murray et al. 2014b). 
Several sources of information suggest that a large, ongoing decline of the Yellow Sea tidal 
flat ecosystem is occurring, and the remaining tidal flats are estimated to account for less than half 
of their historical extent (An et al. 2007b; CCICED 2010; Cho and Olsen 2003; Murray et al. 
2014b; Yu 1994). Some of the key threatening processes to tidal flats include (i) rapid growth of 
urban, agricultural and industrial developments in the coastal zone, (ii) widespread damming and 
modification of the large river systems that supply sediment to the system, (iii) the swift emergence 
of large-scale tide and wind power generation facilities, (iv) invasion of exotic flora, (v) extensive 
pollution in coastal areas, (vi) overharvesting of fin and shellfish populations, (vii) ongoing erosion, 
compaction and subsidence of tidal flat sediments and (viii) sea-level rise (He et al. 2014b; Iwamura 
et al. 2013; MacKinnon et al. 2012; Murray et al. 2014b; Sato and Koh 2004). These processes have 
led to widespread degradation, fragmentation and decline in the areal extent of tidal flats, which has 
increased the extinction risk of much of the ecosystem’s characteristic biodiversity (Murray et al. 
2014b; Sato and Koh 2004; UNDP/GEF 2007). Although much of the degradation has occurred in 
recent decades, there is widespread evidence that river damming, channel engineering, catchment 
modification and coastal reclamation have been occurring for more than 1000 years (Wang and 
Aubrey 1987; Yang et al. 2005b; Zhang et al. 2004).  
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The alarming rates of loss and degradation of the ecosystem, the prevalence and diversity of 
threatening processes and the irreplaceability of the Yellow Sea tidal flat ecosystem necessitates an 
urgent assessment of its conservation status. Here, we apply the IUCN Red List of Ecosystems 
criteria (Keith et al. 2013) to determine that the current status of tidal flats in the Yellow Sea is 
Endangered. 
4.3 Ecosystem description 
Tidal flats are the principal coastal ecosystem across the Yellow Sea coastline (Figure 4.1, 
Figure 4.2). For the purposes of this assessment, we define tidal flat as the area inundated between 
the spring high and low tide waterlines that includes sand flat, silt flat and mudflat (Murray et al. 
2012). Owing to large tidal ranges, highly turbid water, extensive reworking of sediments during 
tidal inundation and cold winter temperatures, tidal flats in the Yellow Sea are predominantly 
unvegetated and are often devoid of supra-tidal saltmarsh habitats (Healy et al. 2002). We restrict 
our assessment to the tidal flats within the Yellow Sea marine ecoregion, which is a regional center 
for endemism that comprises the semi-enclosed Yellow Sea bounded to the south-west by the 
Yangtze River (Spalding et al. 2007; UNDP/GEF 2007). Our assessment thus encompasses the 
northern coastline of China from Jiangsu province (32°06′N, 121°30′E), the entire North Korean 
west coast and south to Jeollanam-do province, South Korea (34°18′N, 126°30′E; Figure 1). 
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Figure 4.1 Tidal flats in the Yellow Sea marine ecoregion (green). Note that in some areas, 
such as the south-west coast of the Bohai Sea, no data accurate spatial data of tidal flat 
extent are available. Data from Murray et al. (2014b; 2012). 
 
4.3.1 Characteristic native biota 
Terrestrial, marine and freshwater biota are associated with the Yellow Sea tidal flat 
ecosystem, forming a complex ecological community that is dominated by micro- and macro-
invertebrates, fish, and predatory birds (Bird 2010; Choi et al. 2010b; Kuwae et al. 2012). The key 
feature of tidal flats—regular tidal inundation—is fundamental to the ongoing functioning of the 
intertidal food web; when the tidal flat is inundated it provides important foraging and nursery 
habitat to marine organisms such as fin fish and crustacea whereas at low-tide the tidal flat becomes 
accessible to other fauna, including predatory birds (Beck et al. 2001; Healy et al. 2002). In general, 
the Yellow Sea tidal flat ecosystem is dominated by tube-building polychaetes and suspension-
feeding bivalves (Ahn et al. 1995), and supports very high biomass, with molluscs accounting for 
up to 50% of the benthic biomass at some sites (Choi et al. 2010b; UNDP/GEF 2007). Detailed 
information on benthic diversity, abundance and community composition is limited (Choi et al. 
2014), although it is estimated that the Yellow Sea marine ecoregion contains 464 endemic species, 
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many of which occur only in the tidal flat ecosystem (UNDP/GEF 2007). Bivalve species from the 
genus Potamocorbula are particularly common across the Yellow Sea, perhaps due to their ability 
to exploit disturbed or polluted environments (Choi et al. 2014). Several endemic species, such as 
several subspecies of amphioxus (Branchtotoma belcheri ssp.), have become identified as 
threatened in recent years (Hao et al. 2014; UNDP/GEF 2007). Similarly, the Chinese shrimp 
(Fenneropenaeus chinensis), an economically important species that inhabits the northern Yellow 
Sea and was formerly relatively abundant (in 1979 production was 40,000 tons), was listed as 
Endangered in 2005 due to overfishing (Liu 2013). 
A key feature of the Yellow Sea ecoregion is the yearly influx of about three million 
migratory shorebirds that utilise tidal flats during their annual migration between their breeding 
grounds in the Arctic and non-breeding areas throughout Asia and Oceania (Barter 2002). The 
Yellow Sea contains 27 sites that support important numbers (over 1% of the flyway population) of 
36 species of migratory shorebirds, accounting for almost 40% of all migratory shorebirds that 
migrate through the East Asian-Australasian Flyway (Barter 2002). Eighteen species are estimated 
to occur in numbers that account for more than 30% of the total breeding populations; for six of 
these almost the entire breeding population relies on tidal flat habitat within the Yellow Sea 
ecoregion during migration (Barter 2002). Four migratory shorebirds that depend heavily on the 
Yellow Sea’s tidal flats are currently considered globally threatened: Nordmann’s greenshank 
Tringa guttifer, eastern curlew Numenius madagascariensis, spoon-billed sandpiper 
Eurynorhynchus pygmeus and great knot Calidris tenuirostris. Tidal flats also provide foraging 
habitat and nonbreeding grounds for several other globally threatened waterbirds, such as the 
Saunders’s gull (Larus saundersi), red-crowned crane (Grus japonensis) and hooded crane (Grus 
monacha; (Ma et al. 2003; Ma et al. 2009b). 
Figure 4.2 Examples of tidal flat ecosystems in the Yellow Sea. Tidal flat showing deep 
dendritic drainage channels, Gomso Bay, South Korea (left), and a large flock of migratory 
shorebirds on tidal flats at Yalu Jiang, China (right). Images by N. Murray. 
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4.3.2 Key abiotic features 
The Yellow Sea is a shallow (mean depth c. 45m), semi-enclosed sea with surrounding 
geography varying from mountain ranges in South Korea to low-elevation coastal plains across 
much of the northern and western regions. As such, tidal flats in the Yellow Sea are among the 
largest on earth; in areas with high tidal amplitude (macrotidal, >4m) they may attain a width of 
nearly 20 km when exposed at low tide (Healy et al. 2002). A key feature of the Yellow Sea tidal 
flats is the seasonal switching from an erosion- to accretion-dominated system in some areas, 
depending on the occurrence of the monsoon season (Healy et al. 2002). 
4.3.3 Characteristic processes and interactions 
The Yellow Sea tidal flat ecosystem is dependent on the continuing operation of a suite of 
coastal processes that are focused on sediment transport and dynamics (Healy et al. 2002). 
Sediments are transported to tidal flats by coastal and tidal currents, where the deposition process is 
influenced by factors such as sediment texture and size, occurrence of vegetation, wave dynamics, 
rainfall and the composition of the benthic community, which facilitates local bioturbation, 
biodeposition and biotransportation (Healy et al. 2002; Wang et al. 2012). In addition to 
contributing to sediment transport, the benthic community is also a critical component of the 
intertidal food web, contributing to trophic interactions between primary producers and intertidal 
predators (Kuwae et al. 2012). Storms, wind and wave action cause seaward erosion of tidal flats, 
and compaction and subsidence reduce their elevation, so sediment trapping and replenishment are 
required to offset these processes and maintain tidal flat extent (Healy et al. 2002). However, a 
feature that distinguishes tidal flats in the Yellow Sea from adjacent regions is that the tidal flat 
ecosystem is largely erosion-dominated (Healy et al. 2002), requiring ongoing sediment 
replenishment and transport to persist (Wang et al. 2014). Therefore, disruption of sediment 
provision via reduced supply from sources such as rivers, and interruption of sediment transport and 
deposition mechanisms, are considered the primary processes that lead to degradation of the 
ecosystem (Figure B4.1; Healy et al. 2002; Wang et al. 2012). 
4.4 Methods 
We applied the IUCN Red List of Ecosystems criteria to the Yellow Sea tidal flat ecosystem. 
The IUCN Red List of Ecosystems is a newly-developed system for assessing the risk of ecosystem 
collapse, which is considered to have occurred when an ecosystem has lost its defining features 
(Keith et al. 2013). Through the application of five rule-based criteria, which are designed to 
evaluate four symptoms of ecosystem degradation (declining distribution, restricted distribution, 
degradation of abiotic environment and altered biotic processes), an ecosystem’s red list status is 
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determined by the highest level of risk returned by any of the criteria (Keith et al. 2013; Rodríguez 
et al. 2015). For the Yellow Sea tidal flat ecosystem, assessments of criteria A and B (Table 4.1), 
which assess declines of ecosystem extent (A; leading to reduced carrying capacity and niche 
diversity) and restricted distribution (B; increasing susceptibility to spatial threats), were based on a 
recently developed 100-m resolution spatio-temporal dataset of tidal flat extent from the 1950s to 
2010. The dataset was developed from historical topographic maps (1950s) and remote sensing 
analyses of Landsat Multispectral Scanner and Thematic Mapper data (1980s) and Landsat 
Enhanced Thematic Mapper Plus data (2000s), providing three robust estimates of tidal flat extent 
suitable for the assessment (Murray et al. 2014b; Murray et al. 2012). Assessments of criteria C and 
D, which assess the relative level of degradation to the ecosystem (C; leading to reduced habitat 
quality) and degree of biotic disruption (D; interference of key ecosystem processes) were 
completed by synthesising available information and obtaining relevant data on key variables that 
could be used to assess the relative severity of degradation of the system, including sources such as 
peer-reviewed publications, environmental assessments and government reports. The relative 
severity of biotic and abiotic degradation over a 50-y period was determined by estimating the ratio 
of observed change in key variables, estimated with linear regression, to variable-specific collapse 
thresholds (Keith et al. 2013; Rodríguez et al. 2015). 
4.5 Results 
Our assessment of the status of Yellow Sea tidal flats indicates that it is an Endangered 
ecosystem under Criterion A1 (Table 4.1). Data were available for assessment under Criterion B 
(Least Concern for both B1 and B2) and Criterion D1 (Vulnerable). There were insufficient data 
to robustly apply criteria C, D2, D3 and E, although we provide a qualitative assessment based on 
available information. 
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Table 4.1 Summary of the IUCN Red List of Ecosystems assessment of the Yellow Sea 
tidal flat ecosystem. Criteria relate to the decline in ecosystem extent (A), its distribution 
(B); the relative severity of abiotic degradation (C) and biotic disruption (D). Criterion E is 
a category that allows for assessments of all of the above via a simulation model of 
ecosystem dynamics. The overall outcome of the assessment is determined by the highest 
level of risk in any single category. DD, data deficient; E, Endangered; LC, least concern; 
NE, not evaluated. 
Time scale of assessment 
Red List of Ecosystems Assessment Criteria 
A B C D E Overall 
Subcriterion 1  
 Past 50-yr period 
E LC E E DD E 
Subcriterion 2  
 Present & future 50-yr period 
DD LC NE NE   
Subcriterion 3 
 Historic change since 1750  
DD LC NE NE   
 
4.5.1 Criterion A: Decline in distribution 
Recent analyses combining historical topographical maps with remote sensing data from 
time-series Landsat satellite imagery concluded that Yellow Sea tidal flats have declined in area by 
up to 65% between the mid-1950s and the early 2000s, a period of ~50 years (Murray et al. 2014b). 
This quantitative estimate of decline exceeds the threshold for Endangered under criterion A1 of 
50%, but does not meet the threshold for Critically Endangered of 80%, which leads to a 
classification of this ecosystem as Endangered (A1). Presently, no projections of future tidal flat 
change exist (A2), although continuing coastal development suggests that the current rate of loss of 
about >2% yr
-1
 is likely to continue (Figure 4.3; Ma et al. 2014; Murray et al. 2014b). The historical 
extent of tidal flats prior to 1750 (A3) is unknown and hence it is not possible to put the recent 
declines into a long term context. Some evidence suggests that long-term historical land clearing 
between c. 1000 and c. 1950, particularly on the Loess Plateau in China, led to runoff and sediment 
flows to rivers that exceed natural rates (Wang and Aubrey 1987), potentially inflating the rate of 
delta progradations and the extent of tidal flats, as has been noted on smaller scales elsewhere 
(Kirwan et al. 2011). However, considerable uncertainty around this hypothesis remains and 
requires further investigation; therefore the status of the Yellow Sea tidal flat ecosystem under 
criteria A2 and A3 is Data Deficient (A2a, A2b, A3).  
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Figure 4.3. Area of the Yellow Sea tidal flat ecosystem, 1950s-2000s. Data sourced from 
Murray et al. (2014). 
  
4.5.2 Criterion B: Restricted Distribution  
The Yellow Sea tidal flat ecosystem fringes a coastline that is >4000 km in length (Figure 
4.1). The Extent of Occurrence (EOO) measured using a minimum convex polygon around the tidal 
flats shown in Figure 4.1 is 555,200 km
2
 and the ecosystem is assessed as Least Concern (B1). The 
ecosystem presently occupies more than 1% of at least 407 10x10 km grid cells (Area of 
Occupancy) and is also Least Concern (B2, B3).  
4.5.3 Criterion C: Environmental Degradation 
Tidal flats in the Yellow Sea have been subject to sustained “coastal squeeze” over several 
decades, driven by extensive coastal development, sea level rise, coastal subsidence, compaction 
and erosion (Murray et al. 2014b). Sediment discharge from rivers, which is critical for tidal flat 
replenishment following seasonal erosion and enables tidal flats to persist with rising sea levels 
(Healy et al. 2002), has declined to a critical level over the past 50 years (Syvitski et al. 2005; Wang 
et al. 2010a; Yang et al. 2006). For example, sediment outflows from the two major rivers flowing 
into the Yellow Sea, the Yellow River (Huang He) and the Yangtze River (Chang Jiang), have 
declined by more than 90% and 70% respectively over the last 100 years (Figure 4.4; Syvitski et al. 
2009). When an ecosystem collapse threshold of zero sediment discharge is assumed, these declines 
represent a relative severity of 49% for the Yangtze (bounded estimate 59-41%) and 90% (21-
256%) for the Yellow River (Figure 4.4). The mean relative severity of sediment declines, weighted 
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by sediment output from these two rivers at t0, provides an overall estimate of the relative severity 
of 77% over a 50-yr period. The impacts of sediment decline will influence the entire Yellow Sea 
tidal flat ecosystem, thus the ecosystem is classified as Endangered (C1). 
Figure 4.4 Declines of sediment outflow from the two major rivers flowing into the 
Yellow Sea, Yellow River (A) and Yangtze River (B). Grey-shaded areas indicate the 50-
yr period used to calculate the relative severity of the sediment decline, as estimated by a 
least-squares regression model in black, from the initial state, a, to final state, b. Data 
sourced from Yang et al. (2005b) and Wang et al (2010a). 
 
Several other factors are likely to influence the abiotic condition of the tidal flat system. 
Tidal flats will be among the first ecosystems to be significantly impacted by rising sea levels and 
intensifying storms under climate change (Murray et al. 2014b). Given that the majority of tidal 
flats in the Yellow Sea are bounded by rockwalls and coastal development, ecosystem migration in 
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response to rising sea levels cannot occur, which will lead to inundation of the ecosystem, reducing 
the key process of regular tidal inundation, changes in distribution and declines in extent (Craft et 
al. 2008; Iwamura et al. 2013). In many places relative sea level rise has already occurred, due to 
subsidence and localized compaction of tidal flats from coastal development and oil, gas and 
ground water extraction (Bi et al. 2014; Bi et al. 2011; Higgins et al. 2013). Lastly, increased 
erosion of tidal flats from intensifying storms and scouring of tidal flat surfaces is expected as a 
result of climate change (Nicholls et al. 2007). However, despite an exhaustive literature review, no 
robust future projections (C2) or long-term historic data from 1750 (C3) that would allow abiotic 
degradation over these time periods were found; criteria C2 and C3 were Data Deficient. 
4.5.4 Criterion D: Disruption of Biotic Processes and Interactions 
In the past few decades, several indicators of biotic disruption, including algal blooms, 
hypoxia, invasions of non-indigenous species, jellyfish blooms, and declines of commercial 
fisheries and migratory bird populations have occurred in the Yellow Sea (Diaz and Rosenberg 
2008; Dong et al. 2010; Liu et al. 2009; Liu and Diamond 2005; UNDP/GEF 2007). The whole 
coastline is severely polluted by land and sea-based sources, as well as waste from aquaculture 
operations and oil spills (He et al. 2014b; Liu and Diamond 2005; UNDP/GEF 2007). The 
magnitude, frequency and extent of harmful algal blooms in the Yellow Sea have increased 
considerably (Figure B4.2), and have been implicated in large-scale mortality events of coastal fin 
and shellfish across the entire coastline (He et al. 2014b; Liu and Diamond 2005; UNDP/GEF 
2007). As a result, almost all the endemic species of fauna in the Yellow Sea region are undergoing 
population declines, due to extreme over-harvesting by commercial and artisanal fisheries, habitat 
loss, disturbance and environmental degradation (Beck et al. 2011; UNDP/GEF 2007). Yet despite 
these broad observations, baseline information that would allow robust estimation the relative 
severity of the decline of Yellow Sea tidal flats, such as changing trends in benthic community 
structure, abundance and variability, are lacking (Choi et al. 2014). As such, quantitatively 
assessing the severity of biotic degradation is difficult, although several sources of information 
suggest rapid degradation across the much of the Yellow Sea tidal flat ecosystem. 
Many local studies in the Yellow Sea have demonstrated declines in the diversity, variability 
and composition of benthic communities, which have generally been shifting towards polychaete 
dominated communities as a result of increasing pollution and physical disturbance (Ahn et al. 
1995; Choi et al. 2014; Choi et al. 2010b; UNDP/GEF 2007). For example, according to a review 
by Liu (2013), at one site in the western Yellow Sea the mollusc and crustacean dominated benthic 
community declined from a maximum of 164 species in 1967, to seven species in the 1980s, after 
which no living benthic animals were recorded in subsequent surveys, with the heavy industrial 
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pollution after the 1970s cited as the key factor for the collapse of the benthic community. Indeed, 
nutrient pollution, which elevates phytoplankton biomass in the water column, generally leads to 
reduced benthic diversity through a complex pathway of oxygen reduction, hypoxia and organic 
enrichment, cascading across the ecosystem gradient (Choi et al. 2010b). At a larger scale, regional 
populations of mobile predators (such as migratory shorebirds) appear a useful indicator of the 
stability of the tidal flat ecosystem, due to their higher position in the tidal flat food web (Kuwae et 
al. 2012). Amano et al. (2010) reported that the migratory shorebird species in Japan that depend on 
the Yellow Sea tidal flat ecosystem during migration are declining at significantly faster rates than 
those that do not, and suggested the degradation of the Yellow Sea tidal flat ecosystem as the likely 
driver of the declines. This general trend has been corroborated in Australia, where some Yellow 
Sea dependent species have declined by up to 70% in the last 20 years, with changes to the Yellow 
Sea tidal flat ecosystem again considered a likely cause of the declines (Iwamura et al. 2013; Szabo 
et al. 2012; Wilson et al. 2011a).  
Invasive species are an additional threat that has led to observed biotic and abiotic 
degradation of the tidal flat ecosystem. Spartina alterniflora, a cordgrass that occurs on tidal flat 
and was introduced in 1979 to southern China for sediment capture, reclamation of tidal flats for 
agriculture, biomass production and shore protection (Strong and Ayres 2013), is rapidly invading 
the west coast of the Yellow Sea. The invasion across South and Eastern China, considered the 
world’s largest invasion of S. alterniflora (Strong and Ayres 2013), doubled about every 1.5 years 
between 1985 and 2001 and is now estimated to cover approximately 19,000 ha of tidal flat in the 
Yellow Sea provinces (Lu and Zhang 2013; Strong and Ayres 2013). S. alterniflora has been shown 
to substantially reduce macrobenthic diversity and alter community structure (Neira et al. 2006; 
Zhou et al. 2009), elevate the shoreline to a point where it is no longer tidally inundated (Dennis et 
al. 2011), and is disrupting natural coastal processes in the Yellow Sea, reducing the extent of 
exposed tidal flat, outcompeting native flora and negatively impacting bird communities (Gan et al. 
2009; Strong and Ayres 2013; Zhang et al. 2004). Measures to control S. alterniflora, which include 
the construction of seawalls, dikes and ditches aimed at reducing tidal inundation and promote 
flooding of freshwater (An et al. 2007a), are likely lead to further degradation of key biotic and 
abiotic processes of the Yellow Sea tidal flat ecosystem. 
Overall, given that aquaculture development, coastal pollution, decline of fisheries, decline 
of benthic fauna and harmful algal blooms have occurred across the entire Yellow Sea region, we 
assume >80% of the Yellow Sea tidal flat ecosystem has undergone biotic disruption. Establishing 
the relative severity is more difficult, although the declines of several Yellow Sea-dependent 
migratory shorebird species (up to 70% in some Australian sites) and reported declines of endemic 
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fauna (including extinction at some sites) allow a broad estimate of between 30% and 80%. Thus, 
the status of the ecosystem is assessed as Endangered under criterion D1 (precautionary, the 
plausible range is Vulnerable-Endangered). Owing to a lack of future estimates (D2) or long-term 
historic data to 1750 (D3), criteria D2 and D3 are considered Data Deficient.  
4.5.5 Criterion E: Quantitative Estimates of Risk of Ecosystem Collapse 
There are no quantitative estimates of the risk of ecosystem collapse, and so we assess the 
ecosystem as Data Deficient with respect to criterion E. 
4.6 Discussion 
Severe observed declines in the extent of the Yellow Sea tidal flat ecosystem over the past 
50 years, as well as long-term declines in sediment delivery, considered a key abiotic process, 
enable its assessment as Endangered (A1, C1, D1). Owing to the difficulty in finding useful, long-
term datasets for biotic and abiotic factors across the region, further work to identify data sources 
would improve confidence in this assessment. 
The current rate of loss, the vast scale of planned development activities and the high 
incidence of degrading processes suggest that the future for the Yellow Sea tidal flat ecosystem is 
grim. With coastal urbanization forecast to result in the formation of one of the largest urban areas 
on earth by 2030 (Seto et al. 2012), ongoing declines in extent and condition of tidal flats in the 
Yellow Sea seem inevitable. Reclamation activities, particularly in China and South Korea, will 
continue to occur as a result of ongoing development of coastal regions, the increasing scarcity of 
vacant coastal land and the relatively low cost of developing the coastline (Murray et al. 2014b; 
Wang et al. 2010b). The coastline of North Korea appears to have experienced relatively little 
coastal development in comparison with South Korea and China and at this stage it may harbour 
some of the few areas of intact tidal flats remaining in the Yellow Sea (Murray et al. 2014b). 
However, damming of the Yellow and Yangtze Rivers has significantly reduced the amount of 
sediment entering the Yellow Sea, and large-scale changes of the natural coastline are interrupting 
the natural coastal processes that govern this dynamic ecosystem (Wang et al. 2010a; Yang et al. 
2006).  
The final status assessment of this ecosystem as Endangered relied on large-scale remote 
sensing data and historical topographic maps, and long-term data from river monitoring stations. 
However, to improve this assessment a deeper understanding of the sources and trends of biotic and 
abiotic degradation is necessary. Information regarding these would reduce uncertainty in the 
listings under criteria C and D, and would allow the necessary work to be completed to 
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quantitatively assess risk under criterion E. Thus, several research priorities remain including (i) 
achieving higher temporal resolution of tidal flat mapping (ii) further consolidating data on the 
sources and ecosystem impacts of biotic and abiotic degradation, (iii) improving our understanding 
of the effects of sediment declines and coastal reclamation on the tidal flat system, and (iv) 
improving our knowledge of the status of tidal flats in North Korea. 
The application of the IUCN Red List of Ecosystems criteria on the tidal flats of the Yellow 
Sea highlighted several challenges in the assessment of ecosystem status. Firstly, contemporary 
satellite imagery, the principal method for monitoring change of habitats at large (regional) scales, 
is only available from the early 1970s, necessitating comparisons with historical data such as 
topographic maps to achieve a suitably long term assessment of ecosystem change (Murray et al. 
2014b). Until 2022, the point at which 50 years of standardized earth observation data will be 
available via Landsat, there will be no standard satellite data source for mapping change of 
ecosystems over regional scales (>100 km) for the 50-year time frame required. Nevertheless, 
cautious data processing and analysis allowed this long-term assessment (Murray et al. 2014b). 
Secondly, the boundary of the ecosystem, which we defined as within the Yellow Sea marine 
ecoregion, was necessarily a somewhat subjective choice. Tidal flats exist for ~600 km to the east 
around the southern coastline of South Korea as well as the entire China coastline and throughout 
South-east Asia (Healy et al. 2002). It may have been possible to assess tidal flats in several sub-
geographic units, such as “South-west South Korean coastline” and “Bohai Sea”, but we chose to 
assess on the Yellow Sea marine ecoregion because the ecosystem processes that govern the system 
are likely to apply at the regional scale and because it is considered an ecoregion due to endemism 
and distinctness from adjacent regions (IUCN 2012a; Spalding et al. 2007). 
There is an urgent need to arrest the decline of the Yellow Sea tidal flat ecosystem. 
Improved coastal planning and management at regional and national levels to reduce aggressive 
coastal reclamation is a critical first step, as well as reducing deleterious influences such as 
pollution, overfishing, harmful algal blooms and eutrophication (MacKinnon et al. 2012). As an 
additional protective measure, protected areas should be expanded to ensure tidal flats are captured 
within the protected area network, as this ecosystem is often omitted from both terrestrial and 
marine conservation planning frameworks in the region. Lastly, management of protected areas 
must be improved to combat illegal development, resource use and extraction activities. 
4.7 Acknowledgements 
We thank R. Ferrari, C.-Y. Choi, R. Clemens, D. Melville and D. Watkins for assistance 
with various components of this project. This work was supported by an Australian Research 
67 
Council Linkage Grant LP100200418, co-funded by the Queensland Department of Environment 
and Heritage Protection, the Commonwealth Department of the Environment, the Queensland 
Wader Study Group and the Port of Brisbane Pty Ltd. Additional support was provided by Birds 
Queensland, the ARC Centre of Excellence for Environmental Decisions and the CSIRO Climate 
Adaptation Flagship. 
  
68 
5 East Asia’s tidal flats are declining rapidly inside and outside protected 
areas  
 
5.1 Abstract 
Globally, the establishment of protected areas is widely regarded as the most effective 
measure for slowing the loss of ecosystems and species. However, for coastal ecosystems, which 
support enormous biodiversity and provide services to hundreds of millions of people, but are under 
severe threat from growing human populations and sea level rise, their efficacy is largely untested. 
Here, we investigate the extent to which protected areas cover and ameliorate loss of the primary 
coastal ecosystem along ~14,000 kilometres of the mainland coast of East Asia, the most heavily 
developed coastline on earth. Across our study region, we discovered rapid losses of the tidal flat 
ecosystem both inside (−0.55 % year-1) and outside (−0.97 % year-1) protected areas. In China, tidal 
flats are well represented within protected areas (22.9% of remaining tidal flats occur within a 
protected area), but the rate of habitat loss continued to occur despite protection (−0.55 % year-1 
inside,
 −0.97% year-1 outside). By contrast, in South Korea, where 12.1% of remaining tidal flat is 
in protected areas,  the rate of habitat loss outside protected areas was the highest in our study 
region (−1.83 % year-1), yet inside protected areas there was tidal flat aggradation (+1.13 % year-1). 
Across all of the areas considered in our analysis, tidal flats were lost at the greatest rate in areas 
considered internationally important for migratory shorebirds (−1.66 % year-1). Our results suggest 
substantial regional variation either in the placement of protected areas relative to degrading 
processes, or in their efficacy at averting habitat loss. To slow the region-wide loss of coastal 
ecosystems in East Asia we urge (i) improved management of existing protected areas in the region, 
particularly in China, (ii) expansion of the protected area network across the intertidal zone and (iii) 
integrated decision-making that simultaneously plans for coastal development and coastal 
conservation. 
 
Murray N. J., Possingham, H. P., Wingate, V., Fuller, R.A. (in preparation) East Asia’s tidal flats 
are declining rapidly inside and outside protected areas. Formatted for Biological Conservation. 
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5.2 Introduction 
Protected areas encompass more than 15% of the earth’s land surface (Juffe-Bignoli et al. 
2014) and are among the most widely implemented conservation measures aimed at slowing the 
loss of species and ecosystems (Gaston et al. 2008; Le Saout et al. 2013). For some ecosystems, 
such as tropical forests, the effectiveness of protected areas at abating threatening processes has 
been widely tested (Andam et al. 2008; Carranza et al. 2013; Gaveau et al. 2009; Green et al. 2013; 
Joppa and Pfaff 2011). However, for many ecosystems the ability of protected areas to reduce land 
conversion and ecosystem loss remains poorly evaluated. Coastal ecosystems, in particular, have 
been a primary focus of remote sensing and mapping efforts for decades (Green et al. 1996; Phinn 
et al. 2000), yet little information exists on how effective protected areas are at reducing their 
conversion to human-dominated landscapes (Spalding et al. 2008). Coastal ecosystems support 
unusually high biodiversity (Millennium Ecosystem Assessment 2005), but are under severe 
pressure from rising coastal populations and sea-level rise (Hinkel et al. 2014; Nicholls and 
Cazenave 2010; Nicholls et al. 2007). They are essential for reducing exposure of coastal 
communities to sea-level rise and extreme weather, and their maintenance and protection is 
considered a cost-effective strategy for climate change adaptation (Arkema et al. 2013; Nicholls et 
al. 2007). Recognising their importance, preserving coastal ecosystems within “effectively 
managed, ecologically representative and well-connected systems of protected areas” is a global 
conservation priority under the Convention on Biological Diversity’s (CBD) Aichi Targets (Target 
11; www.cbd.int/sp/targets/). Clearly, understanding how protected areas perform for conserving 
coastlines and their ecosystem services is essential, and requires detailed information on the status 
of changing coastal environments, including the changing extent and distribution of coastal 
ecosystems, rates of coastal habitat loss, and measurements of the effectiveness of protected areas in 
abating threats (Keith et al. 2013; Sutherland et al. 2004).  
In this study, we measure rates of coastal habitat loss in relation to protected areas along the 
mainland coast of East Asia. Along the coastlines of China, North Korea and South Korea 
(mainland East Asia), rapid migration of humans to the coastal zone over the past few decades has 
resulted in a coastal population of more than 160 million people in the low elevation coastal zone 
(<10m ASL; after McGranahan et al. 2007). Moreover, by 2030, it is predicted that the growing 
coastal-urban corridor will extend across more than 1,800 km of the regions’ coastline (Seto et al. 
2012). To accommodate the rising coastal population, the governments of China, North Korea and 
South Korea have implemented large-scale development plans that are swiftly transforming natural 
coastal ecosystems to industrial, urban and agricultural land (CCICED 2010; MacKinnon et al. 
2012; Murray et al. 2014b; UNDP/GEF 2007; UNEP 2003). The primary remaining coastal 
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ecosystem in the region, the tidal flat ecosystem, is rapidly disappearing in both quantity and quality 
and is having an enormous impact on the region’s coastal biodiversity (MacKinnon et al. 2012; 
Murray et al. 2014b; Murray et al. in press; UNDP/GEF 2007). For example, the Critically 
Endangered Spoon-billed Sandpiper (Eurynorhynchus pygmeus), which utilizes the tidal flat 
ecosystem along the China and Korean coastlines during migration, is thought to have a current 
global population of less than 200 breeding pairs (MacKinnon et al. 2012; Zockler et al. 2010b). 
Similarly, declines in biodiversity due to widespread pollution, hunting, resource extraction, 
invasive species spread and land-use change are becoming widely reported (Choi et al. 2010b; He et 
al. 2014b; Murray et al. in press) Despite these issues, the region (excepting North Korea) contains 
a well-established protected area network, providing a unique opportunity to evaluate the 
performance of protected areas in a region that is undergoing rapid coastal change.  
We first describe how the region’s primary coastal ecosystem, tidal flats, were mapped with 
a recently developed remote method across more than 14,000 km of coastline, extending from the 
Vietnam-China border (21°32′N, 108°1′E) to the Russia-North Korea border (38°36′N, 128°21′E). 
We outline the steps necessary to make robust comparisons of multi-source, multi-resolution data, 
overcoming the processing limitations of the satellite data for application to coastal ecosystems. 
Finally, we explore the levels of protection for these ecosystems, acknowledging the limitations of 
the available protected area datasets, discuss the principal drivers of habitat loss inside and outside 
of protected areas, and suggest potential pathways to recovery.  
5.3 Methods 
Our previously published remote sensing method (Murray et al. 2012) and Yellow Sea 
status analyses (Murray et al. 2014b; Murray et al. in press) provide the framework for determining 
the distribution and status of intertidal wetlands for any geographic region. Here we extend the 
geographic coverage of the change analyses and assess the capacity of the protected area system to 
conserve tidal flat ecosystems. 
5.3.1 Satellite analyses 
The tidal flat remote sensing method (Murray et al. 2012) utilizes images acquired in the 
upper and lower 10% of the tidal range for each Landsat footprint and classifies the area between 
the high and low tide waterline as tidal flat. The method provides an efficient and accurate approach 
for mapping tidal flats over large areas and, by utilizing the full Landsat Archive of satellite 
imagery, can provide retrospective information on change of tidal flats over the full 40+ years of the 
Landsat Archive. We mapped tidal flats over the study area coastline at two time periods (c. 1980s 
and c. 2000s) using Landsat Archive ETM+/TM imagery. Each classification was completed on a 
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per-Landsat footprint basis; the classified raster outputs were post-processed to remove 
misclassifications, resampled to 100m resolution and projected to the Albers Equal Area projection 
(Murray et al. 2014b; Murray et al. 2012). The tidal flat class for each of the two time periods was 
mosaicked across the study area, resulting in comparable spatial datasets of tidal flat extent. 
Concurrently, raster mosaics of the mean year of acquisition of the input satellite imagery were 
produced, to allow for subsequent rates of change analyses. Areas that could not be mapped due to 
cloud, snow or ice cover or pollution were masked over the two datasets. Some of the data were 
derived from Landsat SLC-Off imagery, and we accounted for this by retro-striping the historical 
dataset, allowing the continuous rates of change and net change of tidal flats to be calculated across 
the majority of the study area (Murray et al. 2014b).  
5.3.2 Map Accuracy 
To assess the accuracies of the two classified tidal flat mosaics, we populated an error 
matrix for each dataset (Congalton and Green 2008). Using stratified sampling, we randomly placed 
260 accuracy assessment points across each of the thematic maps. Each point was assigned a class 
by an independent analyst not involved in the remote sensing classification (Murray et al. 2014b). 
Where possible, sample points were cross-validated against high resolution imagery available from 
ESRI World Imagery and Google Earth. The map accuracy for the present dataset was 89.2% 
(Murray et al. 2012) and for the historical dataset 88.8% (Table C5.1). Commission and omission 
errors indicate that the remote sensing method generally underestimates the true extent of tidal flats 
but that this does not vary consistently over time. A full discussion of the sources of commission 
and omission errors is provided in Murray et al (2012). 
5.3.3 Protected Areas and Important Biodiversity Areas 
We constructed a spatial database of protected area boundaries using information from the 
(i) World Database on Protected Areas (WDPA; www.protectedplanet.net) for the study area 
(IUCN and UNEP 2014) and, (ii) a protected area dataset developed by NGO’s and academics (J. 
MacKinnon, pers. comm.). We selected all protected areas that met the following criteria; (1) the 
protected area occurred in either of the two protected area datasets, (2) the protected area was 
>100ha, which is two orders of magnitude greater than the resolution of our ecosystem dataset, thus 
allowing a robust estimate of ecosystem change within each protected area, (3) any part of the 
protected area occurred within 5 km of the coastline (as mapped by Wessel and Smith 1996), and 
(4) the protected area boundary was delineated. Applying these criteria yielded 238 protected area 
polygons for the analysis. Due to the disparate sources of protected area data, it was not possible to 
assess the year of designation or class of protection. 
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In addition to protected areas, we also assessed habitat losses within internationally 
important migratory shorebird sites across the region (Bamford et al. 2008). Internationally 
important sites for migratory are known to support more than 1% of the total population of 
shorebirds in the East Asian-Australasian Flyway as they migrate through their staging sites in East 
Asia (Bamford et al. 2008). We used a spatial dataset of internationally important wetlands sites 
developed by Iwamura et al. (2013), comprising polygon data of wetland boundaries sourced from 
national wetland maps, Ramsar and other relevant information (n = 49 sites; Table C5.2).  
Figure 5.1 Location map of the mainland coast of East Asia, south of Yangtze River (a) 
and the Yellow Sea region (b). The maps show the protected areas included in the analysis 
(green), and internationally important sites that hold >1% of the flyway population of 
migratory shorebirds (red). 
 
5.3.4 Spatial Analysis 
The analysis of change of tidal flat extent over the study area was performed using the two 
classified tidal flat mosaics. Habitat loss metrics were computed per Landsat tile, so that the rate of 
change of tidal flats, (r, % year
-1
), was calculated over the time interval from the mean acquisition 
time between the initial high and low satellite images, 𝑡1, and the final high and low satellite 
images, 𝑡2, such that 𝑟 =  
100
(𝑡2− 𝑡1 )
ln(𝐴2/ 𝐴1), where 𝐴1 and 𝐴2 are the total area of tidal flats at 
time 𝑡1 and 𝑡2 respectively (Murray et al. 2014b). In addition to the rate of change, we calculated 
the net change of tidal flat extent between the two time periods as 𝐴1 −  𝐴2. For analyses of tidal 
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flat change within protected areas and important shorebird areas, we excluded areas where 𝐴1 or 
𝐴2.was ≤ 10 ha (n = 61 protected areas). Owing to the dynamism of tidal flats (Murray et al. 
2014b), all analyses were performed at the regional scale rather than on an individual protected area 
basis, reducing the impact of fine-grained remote sensing error on overall trends (see limitations). 
This ‘compare-to-everywhere’ approach (Clark et al. 2013) is suitable for single ecosystem with 
highly-restricted patterns of distribution, reducing the need for complex matching analyses (Andam 
et al. 2008). The remote sensing and spatial analyses were performed with ArcGIS 10.2 and the 
Python programming language (v. 2.7.3). Program R (v. 3.0.2) was used for data processing and 
analysis (R Core Team 2013). 
5.4 Results  
5.4.1 How much of the coastal ecosystem remains? 
For the area with sufficient satellite data to map tidal flat extent over the two periods, 
248,694 ha of tidal flat appeared in areas not previously tidal flat between the 1980s and the 2000s, 
but 418,098 ha of the original tidal flat had disappeared, equating to a net loss of 169,484 ha. Thus, 
we estimate that tidal flats along the coastlines of China, South Korea and North Korea have 
declined in total extent by 18.9% in 25 years (Table 5.1). The overall mean rate of change of the 
tidal flat ecosystem across the full coastline was −0.82% year-1. The most intact remaining tidal 
flats occur in North Korea, which experienced gains of 9% over the study period (+0.27 year
-1
). By 
contrast, tidal flats in South Korea declined by 32.2% and in China by 19.7%, with South Korea 
recording the greatest rate of loss of tidal flats (−1.58 % year-1) followed by China (−0.88 % year-1). 
While the change statistics are robust, the estimates of absolute areas are considerably lower than 
the true area of tidal flats, because areas where cloud cover had disrupted the satellite imagery 
(32.4% of the coastline) at either time-step were discarded from the analysis (Figure 5.1). In 
addition, the use of SLC-Off Landsat Archive imagery (post-2002) for the change analysis resulted 
in the loss of approximately 22% of data from each affected Landsat scene (Goward et al. 2011). 
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Table 5.1. Extent and percentage rate of change for tidal flats over the North Korean, 
South Korean and China coastlines for two time periods, 1980s – 2000s.  
  Initial Remaining Change metrics 
Region 
Coastline 
mapped 
(%)
 
Tidal flat 
area, A1 
(ha)
a
 
Input 
satellite 
imagery, t1 
(mean yr) 
Remaining 
tidal flat 
area, A2 
(ha) 
Input 
satellite 
imagery, t2 
(mean yr) 
Period 
elapsed 
between 
images, 
t2 – t1 (yrs) 
Net 
change
 
(%)
 
Continuous 
rate of 
change, r 
(% yr
-1
) 
China 64.8 670,647 1980.4 538,564 2005.3 24.9 -19.7 -0.88 
South Korea 72.4 140,809 1984.8 95,493 2009.5 24.6 -32.2 -1.58 
North Korea 74.1 87,963 1976.7 95,878 2008.4 31.6 +9.0 +0.27 
Overall 66.0 899,419 1980.9 729,935 2006.3 25.4 -18.9 -0.82 
a
 These values are subject to SLC-Off data gaps and should not be considered absolute areas. 
  
5.4.2 What is the distribution of coastal ecosystem loss? 
Protected areas represent more than 11.2% of the total study area coastline (as mapped by 
Wessel and Smith, 1996) and contain nearly 18.5% of the mapped tidal flats across the region 
(Table 5.2). According to our analysis, South Korea’s protected area network covers 15.5% of the 
country’s coastline and contains 12.1% of South Korea’s tidal flats. China’s protected areas cover 
10.9% of the coastline, capturing 22.9% of the remaining tidal flats in China. The large proportion 
of tidal flats in protected areas in China is a result of five large protected areas that hold 20.4% of 
China’s remaining tidal flats, including Yancheng & Dafeng NR (Jiangsu Province, 12.8%), 
Shuangtaihekou NR (Liaoning Province, 3.0%) and Yalu Jiang NR (Liaoning Province, 2.2%). Our 
result indicating that a high proportion of the remaining tidal flats of China are within protected 
areas could be influenced by the distribution of the remote sensing data and should be interpreted 
with caution. For example, owing to chronic cloud cover we were unable to map some areas south 
of the Yellow River delta known to contain large tidal flats (MacKinnon et al. 2012). Our protected 
area database suggests that no protected areas in North Korea intersect the coastline. 
The overall rate of change (r) of tidal flats within protected areas was −0.42 % year-1, 
indicating that rapid losses of tidal flats have occurred within the East Asian coastal protected area 
network (Table 5.2). Tidal flats inside China’s protected areas declined at a moderately slower rate 
than outside protected areas (−0.55 % year-1 inside, −0.97% year-1 outside). By contrast, in South 
Korea tidal flats increased inside the protected area system by 1.13% per year, but decreased by 
1.83% per year
 
outside (Table 5.2). Although the trajectory of the tidal flat ecosystem across the 
region was overwhelmingly negative, there was considerable variation in the patterns of change 
across individual protected areas. For example, in the protected areas of South Korea, habitat loss 
ranged from rapid loss (maximum −8.97 % year-1) to rapid gain (maximum 9.87% year-1). Across 
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all of the areas considered in our analysis, tidal flats were lost at the greatest rate in areas considered 
internationally important for migratory shorebirds (−1.66 % year-1; Table 5.2). 
Table 5.2 Status of tidal flats inside and outside of the administrative boundaries of the 
protected areas in our analysis, and within internationally important shorebird sites.  
Protected 
Areas
 
Coastline 
mapped 
(%) 
a
 
Total 
coastline 
within 
protected 
areas (%) 
a
 
Net change
 
 
(%) 
c
 
Continuous rate of change (r) 
(% year
-1
) 
c
 
Outside 
PA 
Inside 
PA 
Shorebird 
Sites 
Outside 
PA 
Inside 
PA 
Shorebird 
Sites 
China 64.8 10.9
b 
-21.7 -12.1 -44.0 -0.97 -0.55 -2.06 
South Korea 72.4 15.4 -36.3 +30.1 -18.1 -1.83 +1.13 -0.83 
North Korea 74.1 0.0 +9.0 - -10.7 +0.27 - -0.39 
Overall 66.0 11.2 -20.7 -9.6 -35.9 -0.89 -0.42 -1.66 
a Calculated with coastline data from the Global Self-consistent, Hierarchical, High-resolution Shoreline Database (Wessel and Smith 
1996). 
b Note that conservation parks listed in the WDPA for China are limited in coverage and, despite our inclusion of an NGO-managed 
protected area dataset, our analysis might not reflect the full extent of protected areas in the region 
 
5.5 Discussion 
The implementation of effective protected areas in coastal areas is a global priority for 
slowing the loss of coastal biodiversity (Pereira et al. 2013). However, our analysis illustrates that 
there can be substantial differences in the rates of coastal habitat loss among established protected 
areas (Spalding et al. 2008). We found that (i) losses of tidal flats in South Korea were 
overwhelmingly concentrated outside of the protected area network, with few losses occurring 
inside; (ii) in China the tidal flat losses occurred both inside and outside protected; and (iii) that the 
highest rates of coastal ecosystem loss occurred in internationally important shorebird areas.  
Differences in protected area effectiveness across the two countries could be caused by 
several factors, including differing levels of management effectiveness and biases towards the 
establishment of protected areas in locations facing differing levels of threat (Andam et al. 2008; 
Joppa et al. 2008; Joppa and Pfaff 2011). The latter is unlikely to be the case, because habitat losses 
outside protected areas were greatest in South Korea, suggesting that baseline levels of threat have 
been higher in that country. Indeed, that South Korea’s protected areas effectively prevented habitat 
loss suggests a conservation system that is working as intended (Choi in press; Kim 2010), by 
diverting threatening processes to areas outside the protected area network. In China, however, our 
results indicate a coastal protected area network that is permeable to the threat of habitat loss, 
raising serious doubts about whether coastal ecosystems in China will be preserved regardless of the 
level of protection. The primary threat to coastal ecosystems in East Asia is development of the 
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coastline for agriculture, aquaculture, urban and industrial land (MacKinnon et al. 2012; Murray et 
al. 2014b). Such developments may be large-scale projects planned at a provincial or national 
government level (MacKinnon et al. 2012), or illegal and undetected reclamations undertaken at 
local scales. Both of these are known to occur inside and outside of China’s protected areas (An et 
al. 2007b; Bi et al. 2011; Cho and Olsen 2003; Ma et al. 2009a; Sato 2006; Yang et al. 2011). Thus, 
improving the effectiveness of China’s coastal protected area network is a clear management 
priority. 
Moreover, our results indicate that coastal development is resulting in faster habitat loss in 
important sites for migratory shorebirds than across the coastline at large, suggesting that the most 
important sites for biodiversity are also those under the greatest pressure from coastal development. 
Coastal ecosystems in mainland East Asia support high biodiversity, including the seasonal influx 
of millions of migratory shorebirds that stopover during their annual migration from the Arctic to 
the southern hemisphere (Barter 2002; MacKinnon et al. 2012). Loss of coastal habitat in East Asia 
has been suggested as the principal driver of hemisphere-wide declines of migratory shorebird 
populations in the East Asia-Australasian Flyway, but this has not yet been confirmed with 
quantitative analysis (Amano et al. 2010; Iwamura et al. 2013; Wilson et al. 2011a). Major 
unprotected areas of tidal flat habitat occur throughout the entire region, including the Bohai Sea, 
southern Jiangsu province and southern Liazhou Bay in China (MacKinnon et al. 2012; Rogers et 
al. 2010; Yang et al. 2011), and several areas in North Korea (Barter 2002; MacKinnon et al. 2012). 
Maintaining these areas of habitat is crucial for conserving the migration of shorebirds in the East 
Asian-Australasian Flyway (Barter 2002; Iwamura et al. 2013; MacKinnon et al. 2012). Adding 
these large remaining patches of tidal flat habitat to the protected area network could be an 
important conservation priority, and a full spatial prioritisation of a cost effective network of coastal 
protected areas in the region is urgently required.  
Owing to the dynamic nature of tidal flat ecosystems, which change in extent at different 
tidal elevations and are subject to a multitude of coastal processes that affect their distribution 
(Healy et al. 2002), our analysis has several limitations. First, the remote sensing data displayed 
overall accuracies of 89.7% and 88.8% for the 1980s and 2000s analysis respectively, and the 
method is likely providing conservative estimates of the true extent of tidal flats (Murray et al. 
2012). Additionally, the remote sensing method was developed for mapping tidal flats at continental 
scales and uncertainty due to resolution issues and changing tide heights is magnified when applied 
to very small areas (Murray et al. 2012). We addressed this error by completing all analyses at 
regional scales (see methods), and for a full discussion of the limitations of the remote sensing 
methods and limitations refer to Murray et al. (2012). Second, collecting comparable satellite data 
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was not possible over the entire study region and the patterns of tidal flat change in areas that were 
not mapped will influence the results presented here to an unknown extent. If large, unprotected 
areas of tidal flat exist in areas that have not been mapped, we would over-estimate the proportion 
of tidal flats occurring within protected areas in the region. Finally, our use of a compare-to-
everywhere approach avoids the need for matching analyses (Andam et al. 2008), but may lead to 
underestimation of the effectiveness of protected areas (Clark et al. 2013). This is particularly the 
case if protected areas are sited non-randomly across the coastline, where they face inherently 
different levels of threat (Carranza et al. 2013), and the fact we found poor effectiveness in the 
Chinese protected area network in spite of the conservative nature of our analysis is concerning. 
Coastal habitats around the world are subject to severe anthropogenic pressure, resulting in 
widespread loss and degradation of coastal habitats (Diaz and Rosenberg 2008; Lotze et al. 2006). 
However, preserving coastal ecosystems can be a cost-effective method for shielding human 
communities from sea-level rise, severe storms, storm surges and coastal erosion (Arkema et al. 
2013; Nicholls and Cazenave 2010). In East Asia, where about 160 million people inhabit the low-
elevation coastal zone, a well-managed protected area network that effectively preserves remaining 
coastal ecosystems is essential. We have shown that, although the existing protected area network 
harbors a large proportion of the remaining tidal flats in mainland East Asia, ongoing loss and 
degradation of coastal ecosystems is occurring, including within protected areas. The high 
representation of remaining tidal flats in protected areas suggest that if they are managed 
effectively, protected areas could play an important role in securing the long-term viability of 
coastal ecosystems. Without effectively managed protected areas, the seemingly inevitable ongoing 
loss of coastal ecosystems in mainland East Asia sets a path toward complete ecosystem collapse. 
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6 The role of global environmental changes in the decline of a long-distance 
migratory shorebird 
 
6.1 Abstract 
Migratory species can travel tens of thousands of kilometres each year, spending different 
parts of their annual cycle in geographically disparate locations. Understanding the impacts of 
changing environmental conditions across the full annual cycle is vital for managing migratory bird 
populations, yet the difficulty of collecting data over the entire range of a migratory species limits 
our understanding of drivers of population change. Here, we use four remote sensing datasets to 
investigate the effects of environmental variability at breeding, wintering and staging areas on the 
population trends of two subspecies of a long-distance migratory shorebird, the bar-tailed godwit 
(Limosa lapponica). The two subspecies have contrasting migration routes that connect their 
breeding sites in the Arctic to non-breeding areas in Australia and New Zealand, one of which 
includes the longest non-stop migratory flight of any bird. We detected rapid population declines in 
both subspecies, and found that although environmental variability across the annual cycle 
influenced the annual abundance of the two species, it did not explain the sustained declines. 
Staging sites in the Yellow Sea region of East Asia are severely threatened by human activity, 
including rapid habitat loss and widespread ecosystem degradation, and these appear to override 
natural environmental variability in driving declines. Our study is among the first attempting to 
identify drivers of abundance across all stages of the annual cycle in a migratory species, and allows 
conservation actions to be spatially and temporally targeted to specific regions that are driving 
population declines of migratory species. 
 
Murray, N.J., Studds, C.E., Fuller, R.A., Dhanjal-Adams, K., Marra, P.P. (in preparation) The role 
of global environmental changes in the decline of a long-distance migratory shorebird. Formatted 
for Ecology. 
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6.2 Introduction 
Widespread declines in migratory bird populations are an emerging global phenomenon, yet 
the drivers of population change are rarely well understood (Wilcove and Wikelski 2008). This is 
principally due to the vast geographic range of migratory birds, which may cover thousands of 
kilometers across multiple countries, hindering attempts to identify the processes that are driving 
population change (Webster et al. 2002). Ecologists have typically been limited to investigating 
factors that influence population dynamics within just one part of the annual cycle, such as in non-
breeding or breeding areas (Knudsen et al. 2011). Such studies have shown that variation in local 
weather conditions can drive overall population changes through effects on survivorship, migration 
phenology and breeding performance (Both et al. 2010; Sillett et al. 2000; Wilson et al. 2011c). 
However, events during one stage of the annual cycle can carry-over to subsequent stages (Marra et 
al. 1998), leading to population changes that are driven by processes that may occur thousands of 
kilometers apart (Iwamura et al. 2013; Sillett et al. 2000). For these reasons, knowledge of the range 
of factors that influence migratory bird populations across their full annual cycle remains a key 
question in migration biology and is an important knowledge gap hindering effective conservation 
of declining migratory birds (Bowlin et al. 2010). 
Migratory shorebird populations in the East Asian-Australasian flyway, which complete 
annual migrations from breeding areas in the Russian and North American Arctic to non-breeding 
areas in Asia and Australasia, are experiencing severe declines (Amano et al. 2010; Nebel et al. 
2008; Szabo et al. 2012; Wilson et al. 2011a). Like many migratory bird populations, little is known 
about the drivers of population declines and a critical task is to understand these to help guide 
remedial conservation action (Murray and Fuller 2012). In other shorebird flyways, local 
environmental conditions have been shown to affect population trends, principally through direct 
effects on vital rates and indirect effects on prey, predators and competition (Piersma and Lindstrom 
2004). For example, cooler temperatures and elevated precipitation on arctic breeding grounds 
negatively affect recruitment and survival of red knot and curlew sandpipers (Boyd and Piersma 
2001; Schekkerman et al. 1998). Similarly, temperature increases and changing precipitation 
patterns are a suspected factor in population changes of the black-tailed godwit in Europe, although 
the effects are considered coupled with habitat change (Gill et al. 2007). In the East Asian-
Australasian flyway, shorebirds encounter a wide-range of environmental conditions across their 
full annual cycle, ranging from extreme temperatures on non-breeding grounds in northern 
Australia to freezing conditions on arrival at staging and breeding grounds in Asia and the Arctic. 
Variation in these environmental conditions across the full annual cycle could influence vital rates, 
leading to population change (Alves et al. 2013; Gill Jr et al. 2014).  
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In addition to climatic factors, anthropogenic threats, the most widely recognized drivers of 
population declines in animals, are thought to be heavily influencing populations of migratory 
shorebirds in the East Asian-Australasian flyway (MacKinnon et al. 2012; Murray et al. 2014a). On 
migration, shorebirds must contend with rapidly changing habitats due to widespread habitat loss 
(Amano et al. 2010; Murray et al. 2014b), environmental degradation (Fox et al. 2005; Kery et al. 
2006; Pettifor et al. 2000; Van Eerden et al. 2005) and human disturbances (Chen et al. 2009; Kirby 
et al. 2008; Zockler et al. 2010a). Theoretically, habitat loss is expected to result in reduced 
survivorship and drive population declines, owing to reduced prey availability and increasing 
competition among individuals (Iwamura et al. 2013; Sutherland 1996; West et al. 2007). 
Disturbance has been demonstrated to influence individual energy budgets (Rogers et al. 2006) and 
habitat degradation, frequently caused by pollution and overharvesting of marine resources, have 
been implicated in declines of shorebirds across the globe (Baker et al. 2004; Henkel et al. 2012; 
Niles et al. 2009).  
To understand the factors underlying the declines of migratory shorebirds, large-scale 
analyses that are spatially and temporally explicit across the full annual cycle are required, and must 
include information on processes accounting for a full-suite of direct and indirect effects that may 
influence vital rates. The rapid growth of satellite tracking in research of migratory species, 
permitting remote collection of near real-time information on the movement patterns of migratory 
species, provides the ability to identify the geographic areas and specific habitats used by shorebirds 
throughout their full annual cycle, as well as the specific times that the habitats are used (Morales et 
al. 2010). Somewhat surprisingly though, is that the expansion of satellite sensor data, allowing 
environmental conditions encountered by migratory species to be characterised across the globe, 
has not yet been exploited to a similar extent. For the first time, factors known to influence the 
population dynamics of migratory birds, including both environmental conditions and direct 
anthropogenic processes at non-breeding, stopover and breeding areas can be monitored across an 
individuals’ full annual cycle.  
In this study, we combine information from satellite tracking and banding studies, high 
resolution satellite environmental datasets and a continent wide database of shorebird count data to 
investigate the factors leading to declines of migratory shorebirds in the East Asian-Australasian 
Flyway. We assess how changing environmental conditions across the full range of a trans-
hemispheric migratory shorebird influence overall population size and attempt to disentangle the 
effects of climate variability and anthropogenic threats. Our analyses are focused on two discrete 
populations (subspecies) of bar-tailed godwit (Limosa lapponica) in the East Asian-Australasian 
flyway.  First, we develop a spatially and temporally explicit analysis of four high resolution global 
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datasets to identify the local weather conditions experienced by individuals from each population as 
they traverse the globe to complete their full annual cycle. At a local level, all of the climate 
variables used in our analysis have previously been shown to affect survivorship, condition or 
breeding performance of migratory shorebirds. Second, we develop a Bayesian population analysis 
of an 18-year time series from 21 sites across Australia and New Zealand to (i) quantify the 
population trajectories of both subspecies, and (ii) identify the drivers of population change across 
the full geographic range of each subspecies. 
6.3 Methods 
6.3.1 Study species  
Two subspecies of bar-tailed godwit occur in the East Asian-Australasian flyway, each 
completing a contrasting annual migration from breeding grounds in the Alaskan and Siberian 
Arctic to non-breeding grounds in Australia and New Zealand (Battley et al. 2012; Gill Jr et al. 
2005; Wilson et al. 2007a). Recent satellite tagging studies have revealed the vastly different 
migration routes of the two subspecies (Figure 1), providing the most comprehensive migration 
route data for any species of shorebird in the East Asian-Australasian flyway (Battley et al. 2012). 
The Alaskan-breeding subspecies (L. l. baueri) completes the longest non-stop migratory flight of 
any bird (Gill et al. 2009), flying non-stop across the Pacific Ocean to New Zealand and Eastern 
Australia for the non-breeding season before migrating back to breeding grounds via stopover sites 
in the eastern Yellow Sea region of East Asia (Battley et al. 2012; Wilson et al. 2007a). In contrast, 
the Russian-breeding subspecies (L. l. menzbieri), migrates from breeding grounds in eastern 
Russia, through stopover sites in the western Yellow Sea to non-breeding sites in remote north-
western Australia, returning to breeding grounds via the same route (Battley et al. 2012; Wilson et 
al. 2007a). Bar-tailed godwit follow tight migration schedules, and owing to their very high site 
fidelity (Conklin et al. 2010), are an ideal species for investigating the effects of global change on 
long-distance migratory birds. 
6.3.2 Population data 
We used 18 years of godwit count data (1995-2012) over 21 sites (Figure S2) from a 
recently compiled dataset of shorebird counts in Australia and New Zealand (Clemens et al. 2012). 
The majority of the data originated as monthly high-tide counts at each site, comprising 5 L. l. 
menzbieri sites in north-west Australia and 16 L. l. baueri sites in east Australia and New Zealand 
(Clemens et al. 2012). Maximum counts in January and February were used in statistical analyses. 
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6.3.3 Migratory network 
We developed  a spatial dataset of internationally important wetlands sites that define the 
flyway network of each of the bar-tailed godwit subspecies (after Iwamura et al. 2013). Sites were 
digitized and classified according to their role in the annual cycle, which included breeding areas in 
the arctic, non-breeding sites in New Zealand and Australia, and migratory staging sites in the 
Yellow Sea region of East Asia (Figure 1; Bamford et al. 2008; Battley et al. 2012; Wilson et al. 
2007a).  
Figure 6.1 The contrasting migration routes of the two subspecies of bar-tailed godwit 
investigated in this study. The migration routes from breeding areas to non-breeding areas, 
via staging sites are shown for L. l. menzbieri (blue) and L. l. baueri (orange). Points are 
internationally important sites, defined as containing >1% of the flyway population. 
Population data were available for all of the sites shown in Australia and New Zealand. 
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6.3.4 Environmental covariates 
To identify the local environmental conditions encountered across the full-annual cycle of 
each bar-tailed godwit population, we compiled a covariate dataset from global-scale data sources. 
First, we established the migratory timing of each subspecies from published banding, observation 
and satellite tagging studies, to ensure environmental data were collected only for the period when 
godwits were present at each site (Battley et al. 2012; Conklin et al. 2010; Wilson et al. 2007a). 
Second, we obtained monthly gridded data for air temperature, sea-surface temperature, 
Chlorophyll-A and rainfall across the entire East Asian-Australasian Flyway aligning with the 
period of the count data (Table S1; Figure S1). For each year in our analysis we estimated the mean 
environmental conditions encountered by each subspecies of godwit at arctic breeding sites (June-
July), wintering sites in New Zealand and Australia (October-March) and migratory staging areas in 
East Asia (April-May; August-September; Figure 1). We measured breeding season and stopover 
covariates for the previous year (t – 1) and non-breeding season covariates within the year of the 
count (t). Missing data for the first three years of chlorophyll-a (prior to satellite launch) were 
assigned the mean value of the corresponding period for all other years (Figure S1). 
After processing the satellite data for the analysis, we tested for covariation among the 
covariates (Table S2 & S3) and excluded highly correlated variables (Pearson’s |r|>0.7 Dormann et 
al. 2012). SST and air temperature were highly correlated in three of the six pairwise tests and, 
owing to the prediction that the direct effect of temperature on mortality is more important than 
indirect effects of SST on prey populations, we opted to remove SST from the analysis. Similarly, 
we removed breeding rainfall (retaining breeding air temperature) and non-breeding air temperature 
(retaining non-breeding rainfall) covariates from the analysis (Table S2 & S3).  
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Table 6.1 Sources of covariate data used in this study.  
Dataset Theme 
/ Type 
Dataset Name & Description Resolution Years Source Link 
Rainfall  
(rai) 
GPCP Version 2.2 Combined 
Precipitation Data Set 
Monthly precipitation dataset combines 
observations and satellite precipitation 
data 
~250x 
250km 
Monthly, 
1979:2012 
NOAA http://www.esrl.noaa.
gov/psd/data/gridded/
data.gpcp.html 
Chlorophyll-a 
Concentration 
(chl) 
Chlorophyll-a Concentration  
SeaWiFS ocean colour data  
9x9km Monthly, 
1998:2007 
OceanColor 
Web 
http://seawifs.gsfc.nas
a.gov/ 
accessed through 
Marine Geospatial 
Ecology Tools 
(Roberts et al. 2010) 
Sea Surface 
Temperature  
(sst)  
NOAA Optimal Interpolation SST v2 
AVHRR Monthly SST data 
~100x 
100km 
Monthly, 
1981:2012 
NOAA http://www.esrl.noaa.
gov/psd/data/gridded/
data.noaa.oisst.v2.htm
l 
Air 
Temperature  
(tem) 
GHCN CAMS  
Monthly global land surface 
temperature dataset 
0.5x0.5 
degree 
Monthly, 
1948:2012 
NOAA http://www.esrl.noaa.
gov/psd/data/gridded/t
ables/monthly.html 
Coastal 
Wetland Loss 
 
Intertidal Habitat Loss 
Landsat derived remote sensing data 
250mx250m 1972:2011 University of 
Queensland 
Murray et al. (2012) 
6.3.5 Anthropogenic threat data 
We were unable to collect data on habitat quality or human disturbance over the full annual 
cycle of either subspecies, thus they were not included in the analysis (see Discussion). However, 
we obtained a remotely sensed dataset of intertidal wetland loss in the Yellow Sea stopover region, 
allowing estimation of the amount of habitat remaining at staging sites for each subspecies in 
relation to historical extents (Murray et al. 2014b; Murray et al. 2012). Loss of coastal wetlands, 
particularly tidal flats, is becoming recognized as a significant threat to shorebird migration (Murray 
et al. 2014b; Sutherland et al. 2012) and is considered the primary threat to migratory shorebirds in 
the East Asian-Australasian Flyway (Bamford et al. 2008). Availability of foraging habitat is a key 
contributor to limitation of shorebird populations and losses of habitat have been shown to result in 
decreased numbers of shorebirds, due to the combined indirect effects of increased competition and 
reduced prey availability (Klaassen et al. 2012; Sutherland 1996; West et al. 2007).  
6.3.6 Time Series Modeling of Populations 
We used N-mixture models with a Poisson distribution to analyze the two bar-tailed godwit 
populations in relation to the spatially and temporally explicit environmental covariates (Royle 
2004). The N-mixture model is a hierarchical extension of a generalized linear mixed model 
(GLMM), where a logistic regression with Poisson random effects is used to estimate population 
size (Kéry and Schaub 2012). Recently developed, N-mixture models are designed to provide 
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simultaneous estimates of abundance and detection error, require only spatially and temporally 
replicated count data, and are considered a powerful model for estimating the abundance and 
detection probability of a species from count data (Joseph et al. 2009; Royle 2004). N-mixture 
models are particularly useful for obtaining ecologically realistic estimates of abundance and 
detection probability where the inclusion of covariates relevant to abundance is desired (Joseph et 
al. 2009; Kéry 2008). Two key assumptions of the N-mixture model are that (i) the population is 
closed between replicate counts at year t and (ii) that there are no identification errors (such as false 
inclusion or double counting) in the count data (Kéry and Schaub 2012). Bar-tailed godwits exhibit 
very high site fidelity at non-breeding sites (Conklin et al. 2010) and, owing to their size and ease of 
identification in relation to other shorebird species, are unlikely to be misidentified or double 
counted during counts.  
We used JAGS via the “R2jags” package in R (v3.0.2) to fit N-mixture models to the bar-
tailed godwit count data (R Core Team 2013; Su and Yajima 2013). We included an indicator 
variable for each environmental covariate, enabling each covariate to be assessed in terms of the 
strength of evidence that it should be included in the model (Hooten and Hobbs 2014; Mutshinda et 
al. 2013). Thus, our final model for expected abundance (Nik) at site i in year k is log(λik) = αi + βk (t 
– t*) 𝛾ik Kik + εi, where Nik = Poisson (λik). The statistical model includes a random effect for count 
site (αi), a linear trend centered on mean year t* (βk), covariates that represent environmental 
conditions at sites from each stage of the full annual cycle (Kik), an indicator variable (𝛾ik) and 
unobserved variation at each site (εi). The indicator variable (𝛾ik) adopts a value of 1 if the Kth 
covariate at site i in year k is a relevant predictor of expected abundance and 0 if not (Mutshinda et 
al. 2013). We chose vague priors drawn from a normal distribution (0, 1000) for all unknown 
parameters; indicator variables were given a Bernoulli distribution prior (0.5). Hyperprior 
distributions for the hierarchical precision parameters were given inverse gamma distributions (1, 
1000). We ran three Markov chains for 5,000,000 iterations of the model and, after discarding the 
first 1,000,000 iterations, drew samples at a thinning rate of 1 in 2000 from the posterior 
distributions. Convergence was assessed with Gelman-Rubin diagnostics (?̂?) and by inspection of 
trace-plots (Gelman and Hill 2007). The importance of covariates was assessed with Bayesian 
variable selection: indicator variables were considered important if the posterior inclusion 
probability was ≥ 0.75, not important if ≤ 0.25 (Mutshinda et al. 2013), and uncertain in between. 
To assess the direction of the effect on abundance, we used the model parameter estimates, which 
were considered significant when the 95% credible interval (CRI) generated from the posterior 
distribution did not include zero (Gelman and Hill 2007). 
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6.4 Results 
6.4.1 Population trends 
Between 1995 and 2012, non-breeding populations of both subspecies of bar-tailed godwit 
exhibited sustained continent-wide declines (Fig. 6.2). The Russian breeding subspecies (L. l. 
menzbieri) declined at a much greater rate (-5.6 % year
-1
) than the Alaskan breeding subspecies (L. 
l. baueri; -3.2% year
-1
). The initial total abundance across all counted sites in 1995 was estimated at 
200,207 (95%: CRI 155,879- 301,020) individuals of L. l. menzbieri and 199,769 (95% CRI: 
178,814-214,700) individuals of L. l. baueri. By 2012, populations of each subspecies had declined 
by 52% and 35% for L. l. menzbieri and L. l. baueri respectively, with estimated total abundance of 
95,737 (95% CRI: 86,199-124,181) and 130,127 (95%: CRI 124,957-140,964). Although declines 
of both subspecies were sustained over the entire analysis period, yearly instability in population 
growth rates indicated strongly fluctuating populations among years (Fig. 6.2). 
Figure 6.2 Total abundance estimates for the two subspecies of bar-tailed godwit 
investigated in this study. Shaded areas indicate the 95% credible intervals. Both 
subspecies underwent significant declines over the study period. 
 
 
6.4.2 Environmental drivers of population change 
We considered three environmental datasets across the bar-tailed godwit migration network 
that were expected to influence the vital rates of bar-tailed godwits (Table S1). After spatial 
subsetting and removal of highly correlated covariates (Tables S2 and S3), seven covariates were 
included in the analysis (Fig. 3 and 4). The indicator variables identified air temperature at breeding 
sites and chlorophyll-a at non-breeding sites as important for both populations, and temperature at 
staging sites for the L. l. baueri population (Fig. 3). In broad agreement with the indicator results, 
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the posterior distributions of the parameter estimates showed significant population responses to 
variability in chlorophyll-a and temperature across the annual migration cycle (Fig. 4). The L. l. 
menzbieri population increased after warmer breeding seasons, but did not change significantly in 
relation other environmental covariates across the migration network. In contrast, the L. l. baueri 
population responded to both chlorophyll-a and temperature; the population declined following 
years of high chlorophyll-a at non-breeding sites, and cooler temperatures at breeding and staging 
sites (Fig. 4). No relationship between rainfall and abundance was detected for either of the 
subspecies. In addition, no obvious trends in any of the environmental covariates were apparent 
over the study period, although we do note considerable variation among years (Fig D6.1). 
Figure 6.3 Indicator variable results showing the importance of environmental covariates in 
the model of estimated abundance. Covariates with posterior inclusion probabilities ≥ 0.75 
are considered important, ≤ 0.25 not important and >0.25 or <0.75 are considered uncertain. 
Classification of variable importance follows Mutshinda et al. (2013). 
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Figure 6.4 Parameter estimates for the relationship between estimated abundance (N) and 
environmental covariates across the annual migration cycle of bar-tailed godwit. Points 
show the mean and lines indicate the 95% credible intervals.  
 
 
6.4.3 Rate of habitat loss 
Across the East Asian-Australasian Flyway, bar-tailed godwits occur at 58 sites in numbers 
totaling >1% of their population. According to the remote sensing analysis, tidal flat habitat in the 
Yellow Sea declined at -1.66% year
-1
 at sites used by L. l. menzbieri and -1.18% year
-1
 at sites used 
by L. l. baueri (Table 1). Although habitat declines were faster, the area of intertidal habitat 
available at L. l. menzbieri sites was nearly twice as much as L. l. baueri sites at both time periods 
(Table 1).  
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Table 6.2 Extent and rate of change of tidal flats at sites used by L. l.baueri and L. l. 
menzbieri during staging in the Yellow Sea, East Asia. 
 
 
Number of 
East Asian 
staging sites 
with remote 
sensing data 
Initial Remaining Change metrics 
Subspecies Tidal flat 
area, A1 
(ha) a 
Input 
satellite 
imagery, t1  
(mean yr) 
Remaining 
tidal flat 
area, A2 
(ha) b 
Input 
satellite 
imagery, t2 
(mean yr) 
Period 
elapsed 
between 
images, 
t2 – t1 (yrs) 
Net change 
(%) c 
Continuous 
rate of 
change, r 
(% yr-1) d 
L.l. baueri 12 5651 1984.9 4153 2009.4 24.5 -26.5 -1.18 
L. l. menzbieri 13 11466 1980.6 8151 2008.0 27.4 -28.9 -1.67 
a These values are subject to SLC-Off data gaps and should not be considered absolute areas. 
b Percentage of tidal flat extent for each country in relation to initial or remaining overall study area tidal extent. 
c Net change indicates either more tidal flat (positive values) or less tidal flat (negative values) in relation to the initial tidal flat area (A1). 
d Continuous rate of change of tidal flats calculated at pixel resolution as r = (100/(t2 – t1))×ln(A2-A1). 
 
6.5 Discussion 
Understanding the drivers of population abundance is essential for conserving declining 
species, yet few attempts have been made to investigate population drivers across the full annual 
cycle of any migratory bird. Our use of satellite derived environmental datasets to investigate 
climate conditions across the full annual cycle of a long-distance migratory bird provides a 
framework for investigating large-scale population dynamics in migratory species.  
6.5.1 Range-wide drivers of population growth 
Our results reveal several factors that are associated with the changing size of bar-tailed 
godwit populations in Australia and New Zealand. First, our results indicate that environmental 
variability across the full annual cycle can affect annual abundance in shorebird populations. 
Bayesian variable selection indicated that variability in temperature and chlorophyll-a across 
breeding and non-breeding sites were important for both populations, and staging temperature was 
important for the L. l. baueri population. The presence of carry-over effects in the annual cycle 
appears likely, given that indicator variables suggest environmental effects at breeding, staging and 
non-breeding influence non-breeding abundance. The existence of carry-over effects has been 
demonstrated in migratory godwits elsewhere, by which the quality of spring fuelling areas in 
European populations of the black-tailed godwit was correlated with breeding success (Gill et al. 
2001). Bar-tailed godwits in the East Asian-Australasian flyway follow a strict migration regime in 
terms of timing and site fidelity (Conklin et al. 2013; Conklin et al. 2010) and, unlike migratory 
passerines, must rely on small and geographically isolated sites throughout the year, with little 
dependency on resources located between those sites (Warnock 2010). Therefore, if conditions in 
any one of those sites is sub-optimal during the migration period, individuals are likely to 
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experience negative consequences, perhaps through direct mortality of individuals (Leyrer et al. 
2013), reduced refueling rates (Baker et al. 2004) or delayed departure (Conklin and Battley 2012; 
Warnock 2010). In addition, sub-optimal conditions across the annual cycle could result in a 
reduced ability to secure high quality feeding or breeding sites, leading to lowered breeding 
productivity and reduced survival (Alves et al. 2013).  
Despite the seemingly straight-forward variable selection results, the model parameter 
estimates suggest the two subspecies respond to environmental conditions in differing ways, with 
the relationships of environmental covariates and abundance assuming opposite signs for the two 
subspecies. For example, breeding temperature, the only environmental covariate that was 
significantly associated with abundance across both subspecies, exerted a negative influence on the 
L. l. baueri population, indicating that it underwent positive population growth when temperatures 
in breeding regions were cooler than the long-term prevailing conditions. In contrast, the 
relationship in the L. l. menzbieri population was positive; the population grew after warmer 
breeding seasons. The timing of significant temperature-related events, such as the emergence of 
key food resources  and the thawing of important breeding and staging habitats, are likely to 
influence the overall timing and success of migration for these two subspecies (Gill et al. 2014). For 
instance, staging sites in the Yellow Sea that are utilized by the two subspecies are frequently 
frozen early in the season, and the different migratory timings of each subspecies—L. l. menzbieri 
migrates approximately 4 weeks earlier than L.l. baueri—suggests there may be different 
temperature-related phenological consequences for the two populations (Battley et al. 2012; Gill et 
al. 2014; Wilson et al. 2007a). Similarly, the effect of temperature variability within breeding 
ranges could act on habitat and food resources differently across the considerable breeding ranges 
of the two subspecies. If the two populations occupy different breeding habitats, the effects of 
increasing permafrost degradation, Arctic wetland loss and changing onsets and breakouts of ice-
free seasons would also impact the two subspecies in different ways, particularly if the patterns of 
change are not uniform. Indeed, Arctic wetlands are under severe threat from climate change and 
widespread adjustments to Arctic lake systems are occurring, evidenced by a pattern of increasing 
abundance of lakes in continuous permafrost zones and decreases in other zones (Avis et al. 2011; 
Smith et al. 2005). Such effects may also explain why (i) the two subspecies complete such 
contrasting migrations from breeding sites to non-breeding sites (Battley et al. 2012; Wilson et al. 
2007a), and (ii) why the onset of migration occurs approximately 4 weeks apart (Wilson et al. 
2007a). Our results provide intriguing evidence that the two subspecies exhibit vastly different 
responses to environmental variability. 
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As always, data is not frequently available for all factors that are likely to affect 
demographic parameters and vital rates, particularly for migratory birds with distributions that span 
large areas of the globe. Some studies have suggested that, given the long-distance non-stop 
migratory flights completed by godwits, wind conditions during migratory flights may influence 
survivorship (Conklin and Battley 2011; Gill et al. 2009; Klaassen et al. 2011), although recently 
godwits have been shown to be capable of selecting departure timing, migration routes and altitudes 
to avoid adverse wind conditions during migration (Gill Jr et al. 2014). Although our study 
incorporated environmental data across the entire annual cycle, high temporal resolution data that 
we could reliably correspond to specific migratory flights were not readily available, and hence 
were not included in this study.  
6.5.2 Anthropogenic threats and godwit declines 
Using a newly developed remote sensing dataset we discovered that the tidal flats used by 
bar-tailed godwits staging in the Yellow Sea have decreased rapidly, concurrent with the declines in 
the bar-tailed godwit populations. In addition to direct losses, habitats for shorebirds within the East 
Asia migratory bottleneck are subject to severe pressure from pollution (Keesing et al. 2011; 
Murray et al. in press), degradation (MacKinnon et al. 2012; Murray et al. in press), hunting (Kirby 
et al. 2008) and commercial harvesting of the benthic and marine fauna that form the principal prey 
of shorebirds (An et al. 2007b; Yang et al. 2011). These threats have been suggested as a source of 
population declines of shorebirds in the East Asian-Australasian Flyway (Amano et al. 2010; 
MacKinnon et al. 2012; Wilson et al. 2011a), as well as the closely-related black-tailed godwit in 
Europe (Gill et al. 2007; West et al. 2007). 
A possible reason for the markedly differential rates of decline in the subspecies is the 
exposure to threats in the Yellow Sea region. The Russian breeding L. l. menzbieri traverses the 
Yellow Sea bottleneck twice in each annual cycle, whereas L. l. baueri migrates through East Asia 
only once per annual cycle (Fig. 1), returning direct to the southern hemisphere across the Pacific 
ocean after breeding (Battley et al. 2012; Iwamura et al. 2013; Wilson et al. 2007a). If elevated 
mortality through competition for a dwindling resource is occurring while the birds are staging in 
the Yellow Sea, we might expect L. l. menzbieri to be declining more rapidly. Indeed, the use of this 
region twice per year could explain why, when all other covariates showed similar annual 
variability but no consistent trend, the L. l. menzbieri population is declining at a faster rate than L. 
l. baueri. If no other threats were influencing the population, we might expect populations to 
decline at similar rates to their habitats (Sutherland 1996). However, there remains a possibility that 
other factors, such as density dependence, hunting, habitat degradation or pollution, are influencing 
the vital rates of L. l. menzbieri to a greater extent than L. l. baueri.  
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Several important limitations to our study remain. No reliable time-series satellite datasets 
exist that could be used to track changes in habitat quality, pollution pressures or human disturbance 
across the East Asian-Australasian Flyway, and thus extension of our analysis to these population 
drivers is not currently possible. Secondly, quality long-term data of shorebird counts are hard to 
obtain and trend analyses can only be made in relation to t0, resulting in limited information on 
population declines over the long term. Additionally, our Bayesian variable selection process and 
model parameter estimates indicate that the influence of several covariates remain uncertain within 
the model. However, as no model selection approaches that are suitable for implementation within 
our Bayesian framework are available, we included covariates based on our ecological 
understanding of our study species and, as further information on the ecology of migratory 
shorebirds across their full annual cycle becomes available, our model may be revised to include the 
new information (Supplementary material). Over the next few years several new satellites that will 
provide useful information for migratory bird research will be launched, such as the European 
Space Agency’s Sentinel family of earth observing satellites, providing new opportunities to obtain 
ecologically relevant data across the full range of migratory species. Similarly, recently developed 
multinational monitoring systems, such as the Group on Earth Observations’ Global Earth 
Observation System of Systems (GEOSS), could provide synthesised datasets at a scale that is 
relevant to migratory species. 
6.6 Conclusions 
We have provided one of the first integrated analyses of how environmental conditions 
influence abundance across the full geographic range of migratory species. Both populations 
studied showed yearly changes in abundance that were related to environmental conditions 
encountered across the annual cycle, but we detected contrasting responses to environmental 
variability for each of the subspecies. Both subspecies of bar-tailed godwit are in rapid decline, 
despite facing similar levels of environmental variability during their annual migration. 
Environmental variability could not adequately explain the sustained declines that we detected, so it 
seems increasingly likely that direct anthropogenic threatening processes, particularly in the Yellow 
Sea migratory bottleneck, are significantly contributing to the declines of bar-tailed godwit in the 
East Asian-Australasian flyway. With widespread declines of many shorebird species that migrate 
across the East Asian-Australasian flyway, our study provides valuable new information on the 
factors driving change in shorebird populations. 
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7 Discussion & Conclusions 
 
7.1 Synthesis 
In this thesis, I developed a new method for monitoring coastal habitat loss and used this to 
discover widespread losses of intertidal habitat across East Asia. I also demonstrated how 
environmental changes across the life cycle of migratory species can interact to explain changes in 
abundance. Here, I synthesise the thesis by placing my findings in the context of the broader 
scientific literature, focusing on my contributions to the fields of geography (Section 7.1.1), 
conservation biology (Sections 7.1.2 and 7.1.3) and migration ecology (Section 7.1.4). I 
acknowledge the limitations of my research (Section 7.2) and suggest some future directions for 
new research that have emerged from the discoveries I present in this thesis (Section 7.3). 
7.1.1 Status of tidal flat ecosystems in East Asia 
In Chapter 2 I developed the first remote sensing method that allows for reasonably accurate 
continental to global scale mapping of tidal flats (Murray et al. 2012). The principal innovation was 
to model tide heights at the time of satellite image acquisition, allowing the novel use of image 
differencing—frequently used for mapping forest change over time—to map change between the 
high and low-tide waterlines (Murray et al. 2012). To enable widespread implementation of this 
method, I used freely available data from the Landsat Archive and developed the computer code in 
a widely accessible programming language (Python). Tidal flats are now being mapped using this 
method across the full East Asian-Australasian Flyway (The University of Queensland), as well as 
in higher temporal resolution in China (Fudan University, China). In addition to mapping tidal flat 
extent and distribution, the method presented in Chapter 2 permits mapping of tidal flat extent 
through the full history of the Landsat Archive, allowing the status of tidal flats to be established for 
any large geographic region (Chapters 3 and 4). By integrating multi-resolution data into my 
analyses, including a historical topographic map dataset from the Korean War (1950s), I discovered 
that tidal flats are declining at rates that rival many of the worlds’ most at-risk ecosystems (Figure 
7.1). For example, tidal flat losses across the East Asian mainland are declining at 0.79% year
-1
, 
faster than the rate of global deforestation in the 1990s (0.52% year
-1
; Achard et al. 2002). Given 
that tidal flats are threatened by many of the same processes as other coastal ecosystems, tidal flats 
across the world may be declining at similar rates: an urgent assessment of the status of this poorly-
known coastal ecosystem is required. To achieve this, the framework presented in this thesis could 
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be applied to tidal flats in any geographic region or even globally, representing an important 
opportunity for further research (Section 7.3). 
Figure 7.1 Comparison of global ecosystem loss rates per region with the decline of flats 
in mainland East Asia. Data for other ecosystems were acquired from the published 
literature (Achard et al. 2002; Koh et al. 2011; Miettinen et al. 2012; Valiela et al. 2001; 
Waycott et al. 2009). 
 
7.1.2 Conserving the coastal wetlands of East Asia 
To meet the enormous import and export demand that drives their surging economies, the 
governments of China and South Korea are pursuing rapid coastal development strategies that are 
rendering much of the coastline of East Asia devoid of natural coastal habitats. In Chapter 3, I 
showed that vast losses of mainland East Asia’s natural coastline have occurred, driven by (1) 
reclamation of coastal wetlands for urban, industrial and agricultural land, (2) expansion of 
extractive activities, (3) the indirect effects of large-scale changes to river catchments, and (4) 
ongoing processes such as erosion and subsidence (Murray et al. 2014b). Over the next 15 to 20 
years, plans to construct seawalls, ports, aquaculture farms and industrial areas across the regions’ 
coastline will double the amount of habitat already reclaimed by human development (MacKinnon 
et al. 2012). With coastal urban areas projected to expand, including some of the largest urban areas 
in the world by 2030 (He et al. 2014a; Seto et al. 2012), the more than 200 million humans that 
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inhabit the coastal regions of China, North Korea and South Korea will be increasingly exposed to 
sea level rise and storms, and vast losses of biodiversity and ecosystem services will continue to 
occur (An et al. 2007b; Cho and Olsen 2003; Wang et al. 2010b; Zhao et al. 2004). 
In Chapter 4 I combined the data generated in Chapters 2 and 3 with a targeted review of the 
literature to assess the status of tidal flats in the Yellow Sea. Comparison of standardized remotely 
sensed habitat data information from historical mapping indicated that in the last 50 years, declines 
of between 50% and 80% of tidal flat have occurred in the region, leading to its assessment as 
Endangered (Keith et al. 2013). As the first implementation of the new Red List of Ecosystems 
criteria for any ecosystem in Asia, the assessment allows improved communication of the rapidly 
declining status of this coastal ecosystem, and signals the severely degraded state of tidal flats in the 
Yellow Sea and the need for urgent action to stem these losses. Thus, it is essential to assess the 
current capacity of the protected area network to conserve this coastal ecosystem, and in Chapter 5, 
I show that protected areas are largely inefficient at slowing the decline of tidal flats. Across 
Chapters 3, 4 and 5 a common theme emerged: that without significantly improved conservation of 
the East Asian coastline rapid decline of coastal ecosystems and widespread losses of biodiversity 
will continue to occur.  
7.1.3 Understanding the drivers of migratory shorebird declines 
Habitat loss is a global problem and is perhaps the main driver of the contemporary decline 
of biodiversity (Hoffmann et al. 2010; Lawler et al. 2006; Murray et al. 2014a; Stuart et al. 2004). 
Understanding how habitat losses affect populations of threatened species is important for 
responding to the challenges of species conservation. However, studies that seek to identify the 
drivers of population declines are often confronted with a complex suite of interacting threats that 
could be driving population processes (Blackburn and Gaston 2002; Boggs and Inouye 2012; 
Grosbois et al. 2008; Ogutu and Owen‐Smith 2003). This is particularly the case for migratory 
shorebird populations, where threats that include climate change, sea-level rise, extreme weather, 
habitat loss and anthropogenic exploitation have all been suggested as drivers of population change 
(Amano et al. 2010; Gill et al. 2014; Goss-Custard et al. 1995b; Hipfner and Elner 2013; Sutherland 
et al. 2012). In Chapter 6 I showed that environmental variability does not adequately explain the 
processes leading to declines of two discrete populations of bar-tailed godwit, and suggested that a 
combination of other threatening processes may be causing the declines. Building on information 
generated in Chapters 2, 3, 4 and 5, I found that habitat loss at the principal staging sites in Yellow 
Sea of these two subspecies is occurring at >1% year
-1
. Furthermore, habitat loss at staging sites 
used by L. l. menzbieri is occurring more rapidly than at sites used by L. l. baueri. The population 
of L. l. menzbieri is declining three times faster than the L. l. baueri population, and this differential 
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habitat loss may be a contributing factor. The effects of declining carrying capacity and increasing 
densities, together with high mortality owing to exposure other threats, are additional mechanisms 
that may be driving declines in abundance (Goss-Custard et al. 1995a; Goss-Custard et al. 1995b; 
Sutherland 1996; West et al. 2005).  
7.1.4 Conserving migratory shorebird at hemispheric scales 
Conservation programs are increasingly being implemented at larger and more ambitious 
scales (Boyd et al. 2008). Conservation actions such as coordinated protected area networks, shared 
conservation policy, and international biodiversity offsets are being applied across national borders 
and at continental scales, catalyzed by far-reaching international conservation organisations and 
improved collaboration between governments (Bull et al. 2013; Kark et al. 2009; Lopez-Hoffman et 
al. 2010; Pasquini et al. 2011). However, as the scale of conservation programs increases, the 
probability of success may decline, owing to increasing complexity in implementation and the risk 
of one actor not performing to the level of the whole (Boyd et al. 2008; Guerrero et al. 2013). With 
the era of large scale ecology emerging, and with decisions increasingly being made on planetary 
scales (Schimel 2011), migratory shorebirds in the East Asian-Australasian Flyway are an ideal 
system for considering the actions required to ensure the migration persists beyond the short-term 
and into the 22
nd
 and 23
rd
 centuries.  
The need for broad scale, collaborative conservation programs has been widely 
acknowledged (Hoffmann et al. 2010). For example, global conservation priorities have been 
identified for mammals, birds and amphibians, as well as a plethora of other taxa (Jenkins et al. 
2013; McCarthy et al. 2012; Wilson et al. 2011b). However, for species with multi-national range 
sizes, that spend only part of their lifecycle in a particular country or geographic location, large-
scale collaborative conservation actions are especially important (Rodrigues and Gaston 2002; 
Wilcove and Wikelski 2008). Such species, which are almost universally migratory species, 
generally have no populations that are wholly contained within one area or country, and are exposed 
to a wide range of conservation mechanisms (Myers et al. 1987). To combat the declines of 
migratory species, particularly those species that traverse several countries during their annual 
cycle, conservation actions typically focus on (i) protecting key areas across a migration route, such 
as breeding sites and movement corridors, (ii) reducing barriers to migration to enable widespread 
movement and (iii) maximizing flow through migratory networks by reducing threats such as 
habitat loss (Bolger et al. 2008; Iwamura et al. 2013; Sawyer et al. 2009; Webster et al. 2002). A 
common theme of nearly all migratory species conservation programs is that conservation actions 
need to be implemented over large scales, from national to global, requiring enormously complex 
and collaborative programs of conservation. Such conservation programs are extremely costly, with 
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global estimates of the annual cost of migratory species conservation upwards of several US$ 
billion per year (Martin et al. 2007; McCarthy et al. 2012). In addition, the implementations of 
large-scale conservation programs tend to be slow, requiring widespread, ongoing monitoring, 
communication and commitment to ensure success.  
The cornerstone of many migratory species conservation programs is a connected network 
of protected areas that is focused on key breeding, migration and non-breeding areas (Brower and 
Malcolm 1991; Martin et al. 2007). With rapid declines of migratory species, often outpaced by the 
high rates of habitat loss and widespread threatening processes, it is clear that methods for 
conservation that can be implemented rapidly and simply across borders, at large scales and in any 
language are urgently required. Given the highly spatially dispersed pattern of tidal flat habitat loss, 
my research suggests that a multitude of small scale actions, that could be implemented 
immediately and at low cost by a large number of actors, could act as a complementary 
conservation tool to the large-scale collaborative actions, such as global site networks and policy 
mechanisms to ameliorate threats diffusely across large areas. 
To adequately distribute resources across the full range of a migratory species or a migratory 
flyway, conservation planning provides a transparent, effective and well-established technique. 
However, despite several studies addressing cost-effectiveness and threat distribution for non-
migratory species, most conservation planning approaches are difficult to apply for migratory 
systems because of the difficulties in understanding the spatial distribution of threats across entire 
migratory routes (Klaassen et al. 2008; Martin et al. 2007). In addition, owing to the connectedness 
of migration pathways conservation actions cannot be assessed at any one location without 
considering the dynamics of the entire migration system (Klaassen et al. 2008; Martin et al. 2007; 
Semmens et al. 2011). Recently, several studies have demonstrated that including information on 
migratory connectivity during decision making improves the efficiency of resource allocation for 
the conservation of migratory  species (Klaassen et al. 2008; Martin et al. 2007; Sheehy et al. 2010). 
However, these studies focus only on limiting habitat loss by optimally purchasing habitat. For 
most migratory systems, managers must to make decisions for multiple species across very large 
geographic ranges, where habitat acquisitions are neither feasible, appropriate nor affordable 
(Redford et al. 2011; Wilson et al. 2007b). In its most simple formulation, the fundamental action 
required to ensure persistence of migratory species is to ensure permeability of environments 
throughout the entire range of the species, ensuring that migratory networks can continue to “flow”. 
Given the ongoing declines of many migratory species, providing the knowledge of threats and 
impacts to populations to support the complicated decisions required to allocate limited 
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conservation funding for threat specific conservation actions whilst accounting for multiple species 
using large, connected migratory pathways is urgently needed.  
7.2 Limitations 
The research presented in this thesis contains several limitations that must be acknowledged. 
While some are insurmountable and simply reflect the nature of the data and what is achievable in a 
PhD project, several could be overcome by using alternative data sources, through research targeted 
at reducing uncertainty and through further work to increase the amount of data collected. 
7.2.1 Tidal flat mapping uncertainties 
In Chapter 2, I developed a new method to map tidal flat ecosystems with Landsat Archive 
imagery (Murray et al. 2012). The method relies on accurate delineation of the waterline on tidal 
flats that are exposed at known tide elevations, and builds on several currently accepted methods for 
local-scale mapping of tidal flats. The use of the same remote sensing methodology across all 
Landsat imagery minimizes potential bias in comparisons between the 1980s and the 2000s that 
may have arisen in the analyses presented in Chapters 3, 4 and 5. Below I discuss uncertainty in the 
four key areas where it may originate in my methods, and describe how these uncertainties were 
managed. 
1. Tidal elevation: 
a. Use of modeled tide height data: We initially investigated the use of the Joint Archive 
for Sea Level (JASL) data, as well as other sources of directly observed tide data for the 
region. However, the distribution of JASL tide gauges is poor in the Yellow Sea and tide 
data across the entire study timeframe was not available. We therefore elected to use the 
Oregon State University China Seas 1/30 degree resolution tide model (Egbert and 
Erofeeva 2002), which has a reported root mean square misfit of <5 cm and <2 cm for 
M2 and K1 tidal constituents compared to 55 coastal tide gauges in the China Seas 
region (http://volkov.oce.orst.edu/tides/YS.html). 
b. Tide model limitations: Landsat images were selected based on the modeled tidal 
elevations at the time of image acquisition (Murray et al. 2012). Although the tide model 
has been proven to be highly accurate in the region, it is limited by resolution (1/30 
degree, ~ 4 km) and accuracy of bathymetry datasets (Egbert and Erofeeva 2002). 
c. Tide station positioning: We made tidal elevation predictions for a point 5 km from the 
coastline and nearest the coastline mid-point for each Landsat footprint (Murray et al. 
2012). The tide height will naturally vary across an area as large as a Landsat footprint 
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(185 km x 170 km), which would result in over and under exposure of tidal flats across 
the entire image. We used the same tide prediction locations for all Landsat images, so 
such an effect should not bias our estimates of tidal flat change across time for each 
Landsat footprint. 
d. Tidal range: To obtain suitable images for the study, I selected images within the upper 
and lower 10% of the tidal range for each Landsat footprint. The final image set included 
footprints with macro (>4 m), meso (2-4 m) and micro tidal (<2 m) ranges (mean tide 
range 2.45 m). It is unlikely that any image acquisitions occurred precisely at the highest 
or lowest astronomical tide, and therefore our estimates of the area of tidal flat within 
any 185 km x 185 km Landsat scene can also be considered underestimates. Indeed, 
most incorrectly classified pixels in the accuracy assessment occurred in the small sliver 
of upper intertidal area above the high tide waterline. 
2. Image selection 
a. Period elapsed between images: Cloud and ice cover, image frequency and the necessity 
of obtaining satellite images at certain tide stages limited our ability to select high and 
low tide satellite images that were acquired in close succession. As such, changes in 
extent of tidal flat between the high and low tide image acquisition may result in over or 
underestimation of the tidal flat, an unavoidable limitation of this study (Murray et al. 
2012).  
b. Seasonal changes: Some parts of the Yellow Sea undergo seasonal changes, where tidal 
flats fluctuate between depositional and erosional environments due to monsoonal winds 
and changing ocean currents (Davis Jr. and Dalrymple 2012; Healy et al. 2002). These 
changes typically affect the surface sediment facies and, although they do not lead to 
large area changes of tidal flats, may affect the amount of standing water remaining on 
the exposed tidal flat (Choi et al. 2010a; Davis Jr. and Dalrymple 2012; Yang et al. 
2005a). Standard post-processing protocols removed isolated pixels, which were mostly 
areas of ponded water, from the tidal flat datasets to account for this issue.  
3. Waterline delineation 
a. Error in accurate detection of the waterline would result in over or underestimation of 
tidal flat area. To quantify the error in the analysis, I conducted an accuracy assessment 
of both of the Landsat-derived remote sensing datasets by stratified random sampling of 
240 points across the unmasked area (Congalton and Green 2008). Due to limitations in 
the use of reference imagery caused by differing tide heights (Murray et al. 2012), we 
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employed an independent analyst to label each sample point as tidal flat or other, based 
on assessment all available Landsat bands of the low-tide images used in our analysis. 
Where appropriate, other sources of information (such as Google Earth) were also used 
to aid the independent classification.  
b. The accuracy assessment indicated overall accuracies of >94% for both of the remote 
sensing datasets. The producer’s accuracy (error of omission)(Congalton and Green 
2008) for the tidal flat class, the proportion of the tidal flat area that the dataset correctly 
maps as tidal flat, was 94.2% for both datasets. Similarly the user’s accuracy (error of 
commission; Congalton and Green 2008) for the tidal flat class, the proportion of area 
mapped as tidal flat that is actually tidal flat, was 94.2% and 95.0% for the 1980s and 
2000s datasets respectively(Congalton and Green 2008). Reference imagery and field 
data indicated that the majority of pixels incorrectly classified as not being tidal flat 
occurred in upper high tide sliver between the high tide waterline and the natural 
coastline or seawall, which are actually areas of infrequently inundated tidal flat and 
saltmarsh(Murray et al. 2012). Areas of ponded water remaining on the tidal flat at low 
tide were also a source of error (Ryu et al. 2002), although this was tempered by post-
processing protocols that removed isolated pixels from the tidal flat datasets (Murray et 
al. 2012). Comparisons with other published figures of waterline delineation within the 
study area indicate strong agreement with my method (Figure 7.2) 
4. Remote sensing analyst 
a. Like many remote sensing studies focused on tidal flats, a remote sensing analyst 
identified the waterline threshold manually and on an image-by-image basis with 
reference to particular features on the tidal flat (such as tidal channels). N.J.M. and 
R.S.C. determined the threshold for all images in this study using a standard 
methodology, ensuring variation due to analyst errors were minimized (Murray et al. 
2012). 
  
102 
Figure 7.2 Example of comparison of waterline delineation (red) on tidal flats, Gomso 
Bay, South Korea. Image (b) shows the waterline of a 1991 (TM) mapped using my 
method compared with (a) an image published in Ryu et al. (2002).  
 
7.2.2 Historical topographic maps 
The use of historical data is becoming increasingly important in global change analyses, as it 
allows long-term baselines to be established beyond the timeframe of modern satellite data. For 
example, historical data is frequently utilized in studies of climate change and land use change, to 
enable change to be assessed over centuries (Liu and Tian 2010; Syvitski et al. 2009; Van Dyke and 
Wasson 2005; Zweig and Kitchens 2013) The analyses for Chapters 3 and 4 utilizes 1:250000 
topographic maps produced by the US Army Map Service in the 1950s (United States Army Map 
Service 1962). The topographic maps were georeferenced against L1T processed Landsat imagery 
(Irish 2008) and the foreshore flat class was manually digitized, resulting in a baseline dataset of 
tidal flat extent in the 1950s. All maps contained diagrams indicating their reliability and source 
data and, in the absence of any other data sources that could reveal the historical extent of tidal flats 
in the Yellow Sea, I consider this dataset a robust and valuable baseline. Of course, the use of such 
data is subject to a degree of uncertainty, and the comparisons must be interpreted with caution due 
to differing limitations of each of the input datasets.  
7.2.3 Population modeling 
In Chapter 6, I used N-mixture models to investigate drivers of population change in 
migratory shorebirds in Australia. The analysis presented in this chapter was based on 18 years of 
survey data collected by hundreds of volunteers over Australia and New Zealand. As such, it was 
necessary to select a model that provided abundance estimates while accounting for site-based 
differences in detection error. To achieve this, the N-mixture model requires repeated counts from a 
closed population with no identification errors, such as false inclusion or double counting (Kéry and 
Schaub 2012). These assumptions were likely fully met in my analysis. Firstly, bar-tailed godwits 
exhibit very high site fidelity at non-breeding sites, and following the initial migration movements 
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of individuals, site populations remain stable across the full season (Conklin and Battley 2011; 
Conklin et al. 2010; Gill Jr et al. 2014). For the analysis I used two mid-season counts as the 
repeated surveys, which is at a period when site populations are very unlikely to be changing. 
Secondly, owing to their size and ease of identification in relation to other shorebird species, 
misidentification and double counting by the trained observers that collected survey data is unlikely.  
7.3 Future Research Directions 
My research has combined methods and data from the fields of ecology, conservation 
biology, geography, and geology to investigate the effects of global change on an ecological system 
at a near-global scale. Migratory species regularly traverse entire continents to complete their 
annual cycle and, with declines of migratory populations emerging across the world, offer an ideal 
study system to investigate ecological processes at a continental scale. By developing new methods 
(presented in Chapter 2), conducting novel analyses (described in Chapters 3, 4 and 5), and 
investigating a migration system at the macro-scale (Chapter 6), the research presented in this thesis 
is a significant new contribution towards monitoring the changing status of the world. In this 
section, I identify future research opportunities that could address the major factors leading to 
declines of migratory shorebirds and their habitats. I focus on two major areas that require targeted 
research (i) better understanding the factors leading to declines of migratory birds and (ii) how to 
monitor changing coastal ecosystems at even larger scales (continental to global scales).  
7.3.1 The effects of global change on migratory species 
Two broad research questions raised by my study are: (1) what is the spatial distribution of 
threats to migratory shorebirds in the East Asian-Australasian Flyway and, (2) how are 
anthropogenic threats contributing to the declining status of migratory species. My work has 
significantly contributed to answering these questions. However my study was centered on 
migratory shorebirds of the East Asian-Australasian Flyway and considered only a few threatening 
processes. Globally, anthropogenic threats such as habitat loss and hunting are the major cause of 
vertebrate extinctions (Butchart et al. 2010; Grenyer et al. 2006; Kerr and Deguise 2004; 
Millennium Ecosystem Assessment 2005), yet the majority of work on understanding changing 
populations, migration patterns and phenology of migratory species remains focused on the effects 
climate and climate change (Both et al. 2006; Grosbois et al. 2008; Iwamura et al. 2013). The 
reason for this is sound, because climate change has a demonstrated effect on the vital rates and 
timing of migration for many migratory species, and migratory birds are expected to be among the 
first vertebrates to reveal the effects of climate change (Grosbois et al. 2008; Piersma and 
Lindstrom 2004). My research has showed that migratory shorebirds in the East Asian-Australasian 
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flyway are declining rapidly, and that a potential driver of the declines is the high incidence of 
anthropogenic threats, particularly habitat loss, at their staging sites in East Asia (Chapters 2-6). My 
results suggest that further work targeted at understanding the incidence of all threatening processes 
across the world’s migratory flyways will be important for raising awareness, driving new policy 
decisions and instigating conservation interventions. 
For migratory shorebirds in the East Asian-Australasian Flyway research could profitably be 
focused on (i) expanding our understanding of habitat loss to migratory shorebirds across the full 
East Asian-Australasian Flyway, (ii) identifying and mapping other threats, such as hunting 
(Zockler et al. 2010a), pollution (Liu and Diamond 2005) and habitat loss due to sea level rise 
(Galbraith et al. 2002; Iwamura et al. 2013) and (iii) quantifying the effects of these threats on 
migratory populations through targeted studies on survivorship and population declines. Several 
recent studies have set a suitable framework for this, and by gathering spatial data on the 
distribution and magnitude of threats across the flyway a threat map may be produced (Halpern et 
al. 2012; Halpern et al. 2008; Vorosmarty et al. 2010). Improved knowledge of the spatial 
distribution of threats will allow priority setting of conservation actions across the flyway, and will 
yield information that can be used in models such as the N-mixture analysis I presented in Chapter 
6. 
7.3.2 A global monitoring system for coastal wetlands 
Preserving coastal wetlands is crucial for protecting coastlines from several climate driven 
threats, including sea-level rise and more intense cyclones (Nicholls and Cazenave 2010; Syvitski et 
al. 2009; Tornqvist and Meffert 2008). Recently, coastal ecosystems were shown to be both a cheap 
and effective way to shield human communities from storm surges, coastal erosion, severe storms 
and other impacts from climate change (Arkema et al. 2013). For coastal ecosystems that are under 
increasing pressure from rapidly growing coastal populations, sea-level rise and spreading 
degradation (Alongi 2002; Diaz and Rosenberg 2008; Duarte 2002; Kirwan et al. 2010; Michener et 
al. 1997; Pendleton et al. 2012), improved knowledge on the state of coastal ecosystems is vital. Yet 
there exists no global synthesis of coastal ecosystem change. For single coastal ecosystems, only 
synthetic reviews of seagrasses (Waycott et al. 2009), marine ecosystems (Halpern et al. 2008), 
reefs (Burke et al. 2011) and remote sensing studies of mangroves (Giri et al. 2011; Giri et al. 2008) 
have been completed. Recently, there has been proliferation of accurate and high resolution global 
datasets that can be used to monitor changing ecosystems, such as global land cover mapping 
(Hansen and Loveland 2012; Miettinen et al. 2011; Nelson et al. 2010; Olofsson et al. 2013). With 
the emergence of enormous computing power through the cloud-computing environment, remote 
sensors are able to tackle problems an order of magnitude greater than previously possible. For 
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instance, the recent development of global-scale high resolution forest change products that 
required the processing of 650,000 Landsat images demonstrates an emerging ability to complete 
remote sensing studies at scales that were previously impossible (Hansen et al. 2013). In Chapter 2, 
I presented the first remote sensing method suitable for mapping the change of tidal flats at 
continental scales, and expanding this method across the globe is an obvious next step (Murray et 
al. 2012). Requiring only free Landsat data and moderate processing power, the implementation of 
my method across the globe is highly achievable. Future work on developing methods to map 
coastal ecosystems in an integrative and automated way, will allow monitoring the changing coastal 
environment at politically meaningful timescales. Furthermore, as with annual deforestation maps, 
annual monitoring of coastal change may be a key component of coastal conservation measures, 
enabling the rapid communication of coastal degradation and targeting of conservation resources to 
areas where they are most required. 
7.3.3 Identifying drivers of coastal habitat loss 
In Chapter 3, I showed that tidal flats were declining due to a multitude of threatening 
processes. The major processes, such as coastal reclamation for agriculture, urban development, 
aquaculture and ports are well known around the world as a threat to coastal ecosystems 
(MacKinnon et al. 2012; Millennium Ecosystem Assessment 2005; Nicholls et al. 2007). However, 
I showed that other threats to tidal flats, namely subsidence, compaction, sediment depletion, 
vegetation loss and erosion, were all implicated in tidal flat losses, suggesting that declines of 
coastal ecosystems are due to a complex suite of interacting processes. Several mechanistic 
modeling studies have shown that tidal flats are susceptible to declines in sediment (Fagherazzi et 
al. 2006; Mariotti and Fagherazzi 2013) or vegetation loss (Gedan et al. 2011; Kirwan and Murray 
2007; Kirwan et al. 2008). Other studies have shown erosion of tidal flats (up to 150m per year) 
following declines in sediment outflow from rivers (Wang et al. 2012; Yang et al. 2001; Yang et al. 
2003) and major subsidence of coastal areas following resource extraction (Bi et al. 2011; Higgins 
et al. 2013; Wang et al. 2010a). To my knowledge, my study is the first to detect these impacts over 
large scales and with remote sensing data. Therefore, further research to identify the specific drivers 
of tidal flat loss on small scales using both remote sensing and field studies would significantly 
contribute to the scientific debate on the causes of loss of tidal wetlands habitats.  
7.4 Concluding Remarks 
Human influence has overwhelmingly altered the globe, causing a wave of extinctions at an 
unprecedented rate (Pimm et al. 1995; Sanderson et al. 2002). Slowing the impact of humans on 
nature is a global priority and efforts to reduce biodiversity loss are accelerating rapidly (Novacek 
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and Cleland 2001). Global conservation treaties have been implemented, large and small 
conservation projects have proliferated and research investigating biodiversity loss and conservation 
is growing rapidly (Fazey et al. 2005; Lawler et al. 2006). My work has transformed our knowledge 
of the threats impacting migratory shorebirds, and provides a framework for identifying and 
understanding the impact of threatening processes on any migratory species. More broadly, it has 
significantly contributed to the conservation of one of the world’s least understood coastal 
ecosystems and will lead to improved management of migratory shorebirds using the East Asian-
Australasian Flyway. 
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Appendix A – Supplementary Material for Chapter 3 
 
Figure A3.1 Examples of tidal flat conversion to alternative land uses, Landsat Archive 
Imagery. Coastal reclamation for resource ponds (salt ponds) and industrial land, Bohai 
Bay, China (1a, 1b); reclamation for urban and industrial land, Incheon, South Korea (2a, 
2b). 
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Table A3.1 Occurrence of major tidal flat ecosystems adjacent to port cities expected to 
have the greatest population at risk of coastal flooding in 2070 (Hanson et al. 2011). 
 
City Country Population 
currently 
exposed to 
flooding 
Current 
exposed 
assets  
(Billion 
dollars) 
Occurrence of major intertidal ecosystems 
near city 
Kolkata India 1,929,000 31.99 Yes, located on the Ganges-Brahmaputra 
Delta, which is fringed by extensive mangrove 
ecosystems and tidal flats around the Bay of 
Bengal (Bird 2010; Woodroffe et al. 2006). 
Mumbai India 2,787,000 46.2 Yes, occurs adjacent to an estuary, where 
mangroves adjoin broad tidal mudflats (Bird 
2010). 
Dhaka Bangladesh 844,000 - Yes, located on the lowland plain of the 
Ganges-Brahmaputra Delta, which has 
extensive mangrove and tidal flat ecosystems 
around the Bay of Bengal (Bird 2010; 
Woodroffe et al. 2006). 
Guangzhou China 2,718,000 84.17 Yes, occurs on the tidal flat lined Zhujiang 
River estuary. Much of the tidal flats around 
the estuary have been reclaimed for 
agriculture (Healy et al. 2002). 
Ho Chi Minh 
City 
Vietnam 1,931,000 26.86 Yes, occurs on the Mekong Delta which is 
fringed by tidal flats (Woodroffe et al. 2006) 
that have been heavily modified for 
agriculture. 
Shanghai China 2,353,000 72.86 Yes, located at the Yangtze River mouth. 
Tidal flats around the Yangtze have been 
reclaimed for agriculture for centuries (An et 
al. 2007b).   
Bangkok Thailand 907,000 38.72 Yes, the Gulf of Thailand has extensive tidal 
flats, much of which have been reclaimed for 
agriculture, aquaculture and salt works 
(Barbier et al. 2008; Bird 2010). 
Rangoon Myanmar 510,000 - Yes, occurs on the Irrawaddy delta, of which 
one-sixth is frequently submerged as intertidal 
flat in the Gulf of Martaban (Bird 2010). 
Miami USA 2,003 416.29 No, Miami is fringed by coral reefs, 
mangrove, seagrass and sand flats (Bird 2010) 
Hai Phong Vietnam 794,000 - Yes, tidal flats occur adjacent to Hai Phong, 
many have been reclaimed for agriculture and 
development (Bird 2010) 
Alexandria Egypt 1,330 28.46 No, the coastline is primarily eroding beaches 
typical of the micro-tidal wave-dominated 
Nile Delta (Bird 2010). 
Tianjin China 956,000 29.62 Yes, located adjacent to Bohai Bay, which has 
extensive tidal flats (Murray et al. 2012), on 
the coastal plain of the Yellow Sea. 
Khulna Bangladesh 441,000 - Yes, located on the Ganges-Brahmaputra 
Delta, which is fringed by extensive mangrove 
ecosystems and tidal flats around the Bay of 
Bengal (Bird 2010; Woodroffe et al. 2006) 
Ningbo China 299,000 9.26 Yes, although much of the tidal flat 
surrounding Ningbo has been reclaimed for 
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agriculture (Wang and Aubrey 1987). 
Lagos Nigeria 357,000 - No, Lagos occurs on the Lagos lagoon system 
(Bird 2010). 
Abidjan Côte 
d’Ivoire 
519,000 - No, Abidjan is built on a coastal lagoon (Bird 
2010). 
New York-
Newark 
USA 1,540,000 320.20 No, mostly saltmarsh and vegetated coastal 
wetlands, although small areas of tidal flat are 
exposed at low tide (Bird 2010). 
Chittagong Bangladesh 255,000 - Yes, major sediment outflows from the 
Ganges and Brahmaputra river form tidal flats 
at Chittagong (Bird 2010). 
Tokyo Japan 1,110,000 174.29 Yes, although nearly all of the tidal flat 
ecosystem that formerly occurred in Tokyo 
Bay has been reclaimed for development. 
Jakarta Indonesia 513,000 - Yes, some parts of Jakarta are constructed on 
reclaimed tidal flat (Bird 2010). 
Notes: The list of vulnerable cities from Hanson et al. (2011) was compiled using GIS analysis, whereby 
population data for coastal cities were modeled against elevation under varying scenarios of sea-level rise, 
storms and subsidence. Although many tidal flats listed are severely degraded, the occurrence of tidal flats was 
established with descriptive atlases of coastal landforms (Healy et al. 2002, Bird 2010, Davis Jr. and 
Dalrymple 2012), a review of relevant scientific literature, and reference to high resolution satellite imagery 
available on Google Earth. 
 
Table A3.2 Metadata information for the Landsat scenes used in this study, with the 
modeled tide stage at the time of acquisition (High or Low). These images are freely 
available from the U.S. Geological Survey. 
 
Acquisition Date Sensor ENTITY_ID 
Tide 
Stage 
Scene Centre Latitude Scene Centre Longitude 
27/01/1973 MSS LM11230361973027AAA05 Low 34.65165   (34°39'05.94"N) 128.33937 (128°20'21.73"E) 
27/01/1973 MSS LM11230351973027AAA02 High 36.08552   (36°05'07.87"N) 128.78633 (128°47'10.79"E) 
3/03/1973 MSS LM11220351973062AAA05 Low 36.03000   (36°01'48.00"N) 130.02979 (130°01'47.24"E) 
30/04/1973 MSS LM11260341973120AAA04 Low 37.62074   (37°37'14.66"N) 124.67176 (124°40'18.34"E) 
3/09/1973 MSS LM11260341973246AAA04 High 37.48719   (37°29'13.88"N) 124.74322 (124°44'35.59"E) 
16/11/1973 MSS LM11280351973320AAA04 High 35.94296   (35°56'34.66"N) 121.52458 (121°31'28.49"E) 
5/12/1973 MSS LM11290361973339AAA04 Low 34.45236   (34°27'08.50"N) 119.56649 (119°33'59.36"E) 
13/02/1975 MSS LM21230361975044AAA04 High 34.56660   (34°33'59.76"N) 128.36660 (128°21'59.76"E) 
11/03/1975 MSS LM21310331975070AAA05 Low 38.76666   (38°45'59.98"N) 118.26666 (118°15'59.98"E) 
30/10/1975 MSS LM21300331975303AAA05 High 38.84997   (38°50'59.89"N) 119.61663 (119°36'59.87"E) 
11/11/1975 MSS LM21240361975315AAA04 Low 34.61663   (34°36'59.87"N) 126.84997 (126°50'59.89"E) 
21/03/1976 MSS LM21290361976081AAA02 High 34.58333   (34°34'59.99"N) 119.61666 (119°36'59.98"E) 
19/04/1977 MSS LM21270321977109AAA02 High 40.30000   (40°18'00.00"N) 124.28333 (124°16'59.99"E) 
20/04/1977 MSS LM21280321977110AAA02 High 40.30000   (40°18'00.00"N) 122.83333 (122°49'59.99"E) 
21/04/1977 MSS LM21290331977111AAA02 Low 38.86666   (38°51'59.98"N) 120.91666 (120°54'59.98"E) 
13/06/1977 MSS LM21280341977164AAA04 High 37.48333   (37°28'59.99"N) 121.96666 (121°57'59.98"E) 
1/07/1977 MSS LM21280351977182AAA02 Low 36.00000   (36°00'00.00"N) 121.48333 (121°28'59.99"E) 
23/08/1977 MSS LM21270321977235AAA01 Low 40.36666   (40°21'59.98"N) 124.35000 (124°21'00.00"E) 
12/10/1978 MSS LM21280321978285AAA01 Low 40.35000   (40°21'00.00"N) 123.13333 (123°07'59.99"E) 
13/10/1978 MSS LM21290321978286AAA04 Low 40.17000   (40°10'12.00"N) 121.65500 (121°39'18.00"E) 
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9/12/1978 MSS LM31230341978343AAA02 High 37.34000   (37°20'24.00"N) 129.25500 (129°15'18.00"E) 
23/11/1979 MSS LM31300341979327AAA04 Low 37.36666   (37°21'59.98"N) 119.11667 (119°07'00.01"E) 
8/06/1980 MSS LM31300341980160AAA03 High 37.40000   (37°24'00.00"N) 119.00000 (119°00'00.00"E) 
23/10/1980 MSS LM31230341980297AAA03 Low 37.36666   (37°21'59.98"N) 129.13333 (129°07'59.99"E) 
29/06/1981 MSS LM21290331981180AAA03 High 38.80000   (38°48'00.00"N) 120.98333 (120°58'59.99"E) 
22/08/1981 MSS LM21290321981234AAA03 High 40.21667   (40°13'00.01"N) 121.51667 (121°31'00.01"E) 
22/08/1981 MSS LM21290341981234AAA03 Low 37.35000   (37°21'00.00"N) 120.56667 (120°34'00.01"E) 
5/09/1981 MSS LM21250341981248AAA03 High 37.33333   (37°19'59.99"N) 126.38333 (126°22'59.99"E) 
11/11/1981 MSS LM31290351981315AAA03 Low 35.88333   (35°52'59.99"N) 120.23333 (120°13'59.99"E) 
4/08/1982 MSS LM31250341982216AAA03 Low 37.33333   (37°19'59.99"N) 126.38333 (126°22'59.99"E) 
26/08/1982 MSS LM31290351982238XXX00 High 36.06667   (36°04'00.01"N) 120.20000 (120°12'00.00"E) 
1/11/1982 MSS LM31240361982305AAA03 High 34.53333   (34°31'59.99"N) 126.76667 (126°46'00.01"E) 
23/11/1982 MSS LM31280341982327AAA03 Low 37.36667   (37°22'00.01"N) 121.96667 (121°58'00.01"E) 
16/09/1983 MSS LM41220331983259FFF03 High 38.90404   (38°54'14.54"N) 117.73888 (117°44'19.97"E) 
11/10/1983 MSS LM41210331983284FFF05 Low 38.90946   (38°54'34.06"N) 119.25141 (119°15'05.08"E) 
28/03/1984 MSS LM41200341984088FFF03 High 37.48986   (37°29'23.50"N) 120.38831 (120°23'17.92"E) 
26/02/1989 TM LT41160361989057XXX02 Low 34.62521   (34°37'30.76"N) 125.77810   (125°46'41.16"E) 
31/05/1991 TM LT51160351991151XXX02 Low 36.05716   (36°03'25.78"N) 126.17230   (126°10'20.28"E) 
6/10/1991 TM LT51160361991279AAA02 High 34.62147   (34°37'17.29"N) 125.75837   (125°45'30.13"E) 
15/11/1991 TM LT41160351991319XXX02 High 36.07468   (36°04'28.85"N) 126.08111   (126°04'52.00"E) 
22/03/2005 L7_SLC_OFF LE71200362005081EDC00 Low 34.58200   (34°34'55.20"N) 119.54350   (119°32'36.60"E) 
29/05/2005 L7_SLC_OFF LE71160362005149EDC00 Low 34.58490   (34°35'05.64"N) 125.70430   (125°42'15.48"E) 
19/11/2005 L7_SLC_OFF LE71180322005323EDC00 High 40.35440   (40°21'15.84"N) 124.34860   (124°20'54.96"E) 
17/08/2006 TM LT51190342006229IKR00 Low 37.47471   (37°28'28.96"N) 122.01177   (122°00'42.37"E) 
17/08/2006 TM LT51190352006229IKR00 High 36.04630   (36°02'46.68"N) 121.59052   (121°35'25.87"E) 
11/10/2006 TM LT51200332006284IKR00 Low 38.90838   (38°54'30.17"N) 120.86733   (120°52'02.39"E) 
16/10/2006 L7_SLC_OFF LE71150362006289EDC00 Low 34.64290   (34°38'34.44"N) 127.25090   (127°15'03.24"E) 
4/11/2006 L7_SLC_OFF LE71200342006308EDC00 High 37.50520   (37°30'18.72"N) 120.34210   (120°20'31.56"E) 
7/06/2007 L7_SLC_OFF LE71210342007158EDC00 Low 37.44430   (37°26'39.48"N) 118.77860   (118°46'42.96"E) 
15/06/2007 TM LT51210342007166IKR00 High 37.49065   (37°29'26.34"N) 118.87713   (118°52'37.67"E) 
17/06/2007 TM LT51190322007168IKR00 High 40.33842   (40°20'18.31"N) 122.84903   (122°50'56.51"E) 
4/09/2007 L7_SLC_OFF LE71200322007247EDC00 High 40.36290   (40°21'46.44"N) 121.18680   (121°11'12.48"E) 
9/12/2007 L7_SLC_OFF LE71200322007343EDC00 Low 40.35510   (40°21'18.36"N) 121.21050   (121°12'37.80"E) 
9/12/2007 L7_SLC_OFF LE71200352007343EDC00 Low 36.06690   (36°04'00.84"N) 119.90370   (119°54'13.32"E) 
16/01/2008 L7_SLC_OFF LE71140352008016EDC00 High 36.04040   (36°02'25.44"N) 129.18590   (129°11'09.24"E) 
8/02/2008 L7_SLC_OFF LE71150362008039EDC00 High 34.59050   (34°35'25.80"N) 127.24140   (127°14'29.04"E) 
15/09/2008 L7_SLC_OFF LE71190342008259EDC00 High 37.51590   (37°30'57.24"N) 121.82120   (121°49'16.32"E) 
1/10/2008 L7_SLC_OFF LE71190352008275EDC00 Low 36.09040   (36°05'25.44"N) 121.39930   (121°23'57.48"E) 
18/12/2008 L7_SLC_OFF LE71210332008353EDC00 Low 38.92180   (38°55'18.48"N) 119.26090   (119°15'39.24"E) 
1/02/2009 L7_SLC_OFF LE71160342009032EDC00 High 37.46926   (37°28'09.34"N) 126.66519   (126°39'54.68"E) 
8/05/2009 L7_SLC_OFF LE71160342009128EDC00 Low 37.47085   (37°28'15.06"N) 126.58430   (126°35'03.48"E) 
31/05/2009 L7_SLC_OFF LE71170342009151EDC00 High 37.47075   (37°28'14.70"N) 125.03676   (125°02'12.34"E) 
29/06/2009 TM LT51200342009180IKR00 Low 37.48449   (37°29'04.16"N) 120.47137   (120°28'16.93"E) 
16/08/2009 TM LT51200332009228IKR00 High 38.89914   (38°53'56.90"N) 120.90181   (120°54'06.52"E) 
30/08/2009 TM LT51220332009242IKR00 High 38.90014   (38°54'00.50"N) 117.80575   (117°48'20.70"E) 
2/10/2009 L7_SLC_OFF LE71210332009275EDC00 High 38.90192   (38°54'06.91"N) 119.30387   (119°18'13.93"E) 
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18/11/2009 L7_SLC_OFF LE71140352009322EDC00 Low 36.03665   (36°02'11.94"N) 129.32016   (129°19'12.58"E) 
3/01/2010 L7_SLC_OFF LE71160352010003EDC00 Low 36.03718   (36°02'13.85"N) 126.20718   (126°12'25.85"E) 
26/03/2010 L7_SLC_OFF LE71140362010085EDC00 Low 34.60626   (34°36'22.54"N) 128.83441   (128°50'03.88"E) 
11/05/2010 L7_SLC_OFF LE71160362010131EDC00 High 34.60665   (34°36'23.94"N) 125.79570   (125°47'44.52"E) 
10/09/2010 L7_SLC_OFF LE71220332010253EDC00 Low 38.90112   (38°54'04.03"N) 117.77621   (117°46'34.36"E) 
18/09/2010 L7_SLC_OFF LE71140342010261EDC00 High 37.47151   (37°28'17.44"N) 129.69580   (129°41'44.88"E) 
23/09/2010 L7_SLC_OFF LE71170342010266EDC00 Low 37.47168   (37°28'18.05"N) 125.05874   (125°03'31.46"E) 
28/09/2010 L7_SLC_OFF LE71200362010271EDC00 High 34.60790   (34°36'28.44"N) 119.59013   (119°35'24.47"E) 
18/10/2010 L7_SLC_OFF LE71160352010291EDC00 High 36.03670   (36°02'12.12"N) 126.23357   (126°14'00.85"E) 
30/10/2010 L7_SLC_OFF LE71200352010303EDC00 High 36.03702   (36°02'13.27"N) 120.06263   (120°03'45.47"E) 
1/11/2010 L7_SLC_OFF LE71180322010305EDC00 Low 40.32598   (40°19'33.53"N) 124.46117   (124°27'40.21"E) 
23/12/2010 L7_SLC_OFF LE71140342010357EDC00 Low 37.46903   (37°28'08.51"N) 129.75145   (129°45'05.22"E) 
8/01/2011 L7_SLC_OFF LE71140362011008EDC00 High 34.60546   (34°36'19.66"N) 128.90933   (128°54'33.59"E) 
12/02/2011 L7_SLC_OFF LE71190322011043EDC00 Low 40.32790   (40°19'40.44"N) 122.90189   (122°54'06.80"E) 
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Table A3.3 Error matrix for 1980s Multispectral Scanner (MSS) and Thematic Mapper 
(TM) derived tidal flat dataset.  
 
 
Reference 
∑ 
User's accuracy 
(%) 
  
Tidal flat Other 
Classified 
Tidal flat 113 7 120 94.2 
Other 7 113 120 94.2 
∑ 120 120 240  
Producer's accuracy (%) 94.2 94.2   
Overall accuracy 94.2% 
Notes: The matrix shows the actual and classified cases in the columns and rows, respectively. The 
proportion of correctly allocated cases indicates the overall classification accuracy (Congalton and 
Green 2008). 
 
Table A3.4 Error matrix for 2000s Landsat Thematic Mapper (TM) and Enhanced 
Thematic Mapper Plus (ETM+) derived tidal flat dataset.  
 
 
Reference 
∑ 
User's accuracy 
(%) 
  
Tidal flat Other 
Classified 
Tidal flat 114 6 120 95.0 
Other 7 113 120 94.2 
∑  121 119 240  
Producer's accuracy (%) 94.2 95.0   
Overall accuracy 94.6% 
Notes: The matrix shows the actual and classified cases in the columns and rows, respectively. The 
proportion of correctly allocated cases indicates the overall classification accuracy (Congalton and 
Green 2008).  
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Appendix B – Supplementary Material for Chapter 4 
 
Figure B4.1 Conceptual model showing drivers of change to key ecosystem processes of 
the Yellow Sea tidal flat ecosystem. The simplified tidal flat ecosystem (right) responds to 
changes in key processes (middle), which are caused by deleterious anthropogenic 
influences (left). 
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Figure B4.2 Occurrences of harmful algal blooms (HAB) in the Yellow Sea, 1984-2005. 
Data sourced from The Yellow Sea: Analysis of Environmental Status and Trends 
(UNDP/GEF 2007). 
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Appendix C – Supplementary Material for Chapter 5 
 
Table C5.1 Error matrix for 1980s Landsat Thematic Mapper (TM) and Multispectral 
Scanner (MSS) derived tidal flat dataset.  
 
 
Reference 
∑ 
User's accuracy 
(%) 
  
Tidal flat Other 
Classified 
Tidal flat 109 21 130 83.8 
Other 8 122 130 93.8 
∑  117 143 260  
Producer's accuracy (%) 93.2 85.3   
Overall accuracy 88.8% 
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Table C5.2 Internationally important shorebird sites assessed during the analysis (Bamford 
et al. 2008; Iwamura et al. 2013). 
No. Site Name Country Area (ha) 
1 Daqing He China 40753.1 
2 Huang He National Park China 130415.4 
3 Laizhouwan China 343706.7 
4 Linghekou China 41310.2 
5 North Bo Hai Wan China 159648.2 
6 North-west Bo Hai Wan China 103283.9 
7 Shi Jiu Tuo/Daquing He China 472.7 
8 Shuangtai Estuary China 169398.8 
9 South Bo Hai Wan China 208892.7 
10 Yalu Jiang National Nature Reserve China 96866.8 
11 Yancheng National Nature Reserve China 287179.4 
12 Chongming Dongtan National Nature Reserve China 70842.9 
13 Jiazhouwan China 54850.1 
14 Jiu Duan Sha National Nature Reserve China 25538.4 
15 Mai Po Marshes China 3166.9 
16 Northern Jiangsu Coastline China 32899.9 
17 Sanmen Wan China 134877.8 
18 Huang He National Park China 18956.7 
19 Laizhouwan China 18956.7 
20 Huang He National Park China 60.9 
21 Dongsha Islands China (Disputed) 151.9 
22 Mundok Mig. Bird Wetland Reserve North Korea 95694.5 
23 Aphae island South Korea 11584.3 
24 Asan Bay South Korea 14335.7 
25 Cheonsu Bay South Korea 25426.6 
26 Dongjin Estuary South Korea 20880.4 
27 Haenam Hwangsam South Korea 2573.0 
28 Han River South Korea 7984.2 
29 Kanghwa Island South Korea 51206.2 
30 Kum Estuary South Korea 9408.9 
31 Mankyung Estuary South Korea 4794.6 
32 Namyang Bay South Korea 13666.5 
33 Seosan South Korea 7474.8 
34 Suncheon bay South Korea 25851.2 
35 Yong Jong Island South Korea 25279.9 
36 Chido Up Muan South Korea 35120.1 
37 Daebu Island South Korea 12293.7 
38 Hampyong Bay South Korea 36484.7 
39 Meian Gun Tidal Flat South Korea 21449.6 
40 Nakdong Estuary South Korea 18496.5 
41 Namhae South Korea 61877.5 
42 Song Do Tidal Flat South Korea 2184.4 
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43 Cheonsu Bay South Korea 735.6 
44 Seosan South Korea 735.6 
45 Han River South Korea 0.3 
46 Dongsha Islands Taiwan (Disputed) 38068.1 
47 Han-Pao Taiwan (Disputed) 45514.2 
48 Ta-Too-Hsi Taiwan (Disputed) 5239.6 
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Appendix D – Supplementary Material for Chapter 6 
 
Figure D6.1 Time series for environmental covariates experienced by each subspecies 
considered in this study across their migration routes. Plots show the anomaly from mean 
conditions during the study period. 
  
146 
Figure D6.2 Non-breeding sites in Australia and New Zealand where replicated count data 
were available for this study. 
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Figure D6.3 Example of gridded data used in this analysis. Figure shows the Sea Surface 
Temperature (SST) anomaly from mean conditions for January, 2010. Monthly data on 
environmental conditions were extracted for sites used by bar-tailed godwit across their 
full annual cycle. 
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Table D6.1 Pearson correlation coefficients for the relationships between environmental 
covariates across the annual migration cycle of the L. l. baueri. Environmental covariates 
are averaged for migration staging sites in East Asia (Sept-Octt-1 and Apr-Mayt-1), breeding 
sites in the Arctic (Jun-Jult-1) and non-breeding sites in Australia and New Zealand (Sept-
Dect-1 + Jan-Mart). Highly collinear variables (|r| >0.7) were removed from the analysis. 
Environmental 
Covariate 
Correlations among climate variables in the L. l. baueri migratory flyway 
(Pearson’s r above, P value for t-test below) 
chlst chlbr chlnb temst tembr 
†temnb 
†SSTst 
†SSTbr 
†SSTnb raist raibr 
†rainb 
chlst - -0.17 0.12 -0.23 0.26 0.23 -0.10 0.08 0.05 -0.08 -0.12 0.24 
chlbr 0.49 - -0.55 0.11 0.27 0.14 0.09 0.08 0.09 -0.14 0.05 -0.38 
chlnb 0.65 0.02 - -0.28 -0.07 0.02 -0.19 0.25 -0.30 0.48 -0.20 -0.07 
temst 0.36 0.67 0.26 - 0.24 0.09 0.80 -0.17 0.34 0.37 -0.11 -0.05 
tembr 0.29 0.27 0.78 0.33 - 0.22 0.33 0.31 0.03 0.29 -0.47 -0.30 
†temnb 0.36 0.57 0.95 0.72 0.38 - 0.27 0.44 0.75 0.10 -0.26 0.21 
†SSTst 0.69 0.74 0.45 <0.001 0.18 0.29 - -0.05 0.49 0.30 -0.25 -0.09 
†SSTbr 0.76 0.76 0.32 0.50 0.22 0.07 0.83 - 0.24 -0.03 -0.24 0.07 
†SSTnb 0.84 0.74 0.23 0.17 0.89 <0.001 0.04 0.34 - -0.11 -0.26 0.35 
raist 0.75 0.57 0.04 0.13 0.24 0.68 0.22 0.91 0.67 - -0.06 0.10 
†raibr 0.64 0.83 0.44 0.67 0.05 0.30 0.31 0.35 0.30 0.81 - 0.30 
rainb 0.34 0.12 0.78 0.83 0.23 0.40 0.73 0.78 0.16 0.69 0.23 - 
† = removed from subsequent analyses 
  
149 
Table D6.2 Pearson correlation coefficients for the relationships between environmental 
covariates across the annual migration cycle of the L. l. menzbieri. Environmental 
covariates are averaged for migration staging sites in East Asia (Sept-Octt-1 and Apr-Mayt-
1), breeding sites in the Arctic (Jun-Jult-1) and non-breeding sites in Australia and New 
Zealand (Sept-Dect-1 + Jan-Mart). Highly collinear variables (|r| >0.7) were removed from 
the analysis. 
Environmental 
Covariate 
Correlations among climate variables in the L. l. menzbieri migratory flyway 
(Pearson’s r above, P value for t-test below) 
chlbr chlbr chlnb temst tembr temnb SSTst SSTbr SSTnb raist raibr rainb 
chlst - 0.18 -0.12 -0.13 0.47 0.20 -0.42 0.24 0.28 0.14 -0.51 -0.07 
chlbr 0.48 - 0.28 0.16 0.22 0.05 -0.03 0.16 -0.01 -0.24 0.00 -0.12 
chlnb 0.65 0.26 - 0.55 -0.25 0.45 0.33 -0.12 0.28 -0.46 0.26 -0.44 
temst 0.60 0.53 0.02 - 0.08 0.18 0.52 -0.04 0.35 -0.24 -0.09 -0.07 
tembr 0.05 0.38 0.31 0.76 - 0.14 -0.16 0.71 0.22 0.22 -0.72 -0.18 
temnb 0.42 0.86 0.06 0.48 0.57 - 0.27 0.09 0.61 -0.17 -0.06 -0.73 
†SSTst 0.08 0.92 0.19 0.03 0.54 0.27 - -0.08 0.30 -0.32 -0.06 -0.22 
†SSTbr 0.33 0.54 0.64 0.88 0.00 0.72 0.76 - 0.02 0.31 -0.46 -0.23 
†SSTnb 0.27 0.97 0.26 0.16 0.39 0.01 0.23 0.94 - -0.03 -0.30 -0.16 
raist 0.58 0.34 0.05 0.34 0.38 0.49 0.19 0.21 0.90 - -0.29 0.30 
†raibr 0.03 0.99 0.29 0.74 0.00 0.83 0.80 0.05 0.23 0.24 - 0.14 
rainb 0.79 0.64 0.07 0.79 0.48 0.00 0.38 0.36 0.52 0.22 0.57 - 
† = removed from subsequent analyses 
 
